Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



3 3433 06907753 9 



/ 






/ 



/ 









ELEMENTS 



OF 



NATURAL PHILOSOPHY. 



BY 



W. H. C.v^RTLETT, LL. D., 

PROFESSOR OF NATURAL AND EXPERIMENTAL PHILOSOPHY IN THE UNITED 8TATBS 

MILITARY A<:;aDEM7 AT WEST PCIhT. 



I I. -A C O U S T I C S. 
II I.-OPTI C S. 



THIRD EDITION, REVISED AND CORRECTED. 



NEW YORK: 
PUBLISHED BY A. S. BARNES & BURR, 

61 & 53 JOHN-STREET. 

1859. _. .. . ;- 

i*.. # • 
'-.■•• A- 






e 



■* • * - i 

% 



■* - 

* « * 



.«• ^- 



j • 



% • 



% • 



% • * * 



liEVJ 



o:;X 






astob. - ' 



i>i^ 



1-j^^.' 




viot^* 



Entered according to Act of Congress, in the year One Thousand 

Ei'jht Hundred and Fifty -twq, 

3y 'V. H. C. BARTLETT, 

At}f rjcr'-.^'j :»ffef c" th3 District Court of the United States for the Southern District 

of New- York. 



». p. ;ONRS & CO., STEREOrXTERS, 

183 William-streot. 



0..W. WOOD, PRINTER, 

• • "-. „ 



i - 



t» » 






". ^. 



5 • J-". 



^ » 






PREFACE. 



Those who are familiar with the subjects of which the 
present volume professes to treaty will readily recognize the 
sources whence most of its materials are drawn. In the use 
of these materials, no distinction of principle is made between 
SOUND and light. Both are regarded and treated as the 
effects of certain disturbances of that particular state of mole- 
cular equilibrium which determines the ordinary condition of 
natural bodies ; the only difference being in the media through 
which these disturbances are propagated, and in the organs 
of sense by which their effects are conveyed to the mind. 
The study of Acoustics is, therefore, deemed to be not only a 
useful, but almost a necessary preliminary to that of Optics. 

In the preparation of the part relating to Sound, great use 
was made of the admirable monograph of Sir John Herschel, 
published in the Encyclopaedia Metropolitana ; and whenever 
it could be done consistently with the plan of .the work, no 
hesitation was felt in employing the very language of that 
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eminent pWlosoplier. Much valuable matter was also drawn 
from Mr. Airy's Tracts, and from tlie labors of Mr. Robiso]^?' 
and M. Peschel. 

» 

In addition to the works of the authors just cited, those of 
Mr. CoDDiNGTON, Mr. Powell, Mr. Lloyd, Sir David Brew- 
ster and M. Babinet were freely consulted in constructing 
the part relating to Optics. 
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acoQi^ 



§1. The principle wHcli connects ns with the external 
world through the sense of hearing, is called sound ; and sound, 
that/branch of Natui-al Philosophy which treats of sound, 

,- , . Acoustics. 

IS called Acoustics. 

To explain the nature of sound, the laws of its propaga- 
tion through the various media which convey it to our 
ears, the mode of its action upon these organs, the modifi- objects of 
cations of which sound is susceptible in speech, in music ^^ 
and in unmeaning noise, as well as the means of pro- 
ducing and regulating these modifications, are the objects 
of acoustics. 

§ 2. All impres^o^ 4?*i^ed through the senses, imme- ^^^^^ **" 
diately follow and ^^ g dy therefore, be said to arise from 
peculiar conditions oi^lative motion among the elements 
of which certain parts of our physical organization are 
constructed. These conditions are mainlv determined by Conditions to 

, cause sensation 

the internal state of the bodies with which we are in sen- determined. 

sible contact. It becomes important, therefore, to look 

somewhat into the constitution of natural bodies, and 

especially to inquire into the stinicture of the atmosphere, 

the main vehicle of* sound to the beings which inhabit it, VeWcie of sound; 

and of that vastly more subtile and refined medium, called 

ether, through which we derive om* sensations of heatj 

light^ and electricity, ^ ^^*» ^'^ 

§ 3. We have already referred, in the introduction to 
the first volume, to Boscovich's views upon this subject, 
and shall now give some illustration of the mode in which, 
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Exponential 
carve; 



according to that distinguished pliilosopher, all bodies are 
formed. 

For this pm-pose let ns resume the exponential curve as 
exhibited in the annexed figure, and which Boscovich sup- 



Fig. i. 



Attractive 
ordinates; 
Kepnlsive 
ordinates ; 




nn 



poses to represent the law and intensity of the action of 
one atom of a body upon another. We have seen that the 
ordinates of those portions of the cm've which lie above 
the line A (7, denote the attractive, while the ordinates of 
the portions below, represent the repulsive energies of an 
atom A for another atom situated anywhere upon this 
line. Tliat at the points C\ D\ G'\ D'\ in which the curve 
intersects the line A (7, the reciprocal action of the atoms 
reduces to nothing, and the atoms become neutral. Also 
that an atom situated at D\ D^' or D^" and the atom A 
Neutral points; constitutc a temporary molecule^ while the molecule formed 
of the atoms A and C", A and 0\ or A and G"\ has a cer- 
tain degree of permanence, resisting compression and dila- 
tation, and tending to regain its original bulk when the 
distending or compressing cause is withdrawn. But this 
permanence only obtains when the disturbing force is such 
as to change the interval between the atoms by a distance 
less than that which separates the consecutive positions 'of 
neutrality ; for if the molecule A 0\ for example, be com- 
pressed into a less room than A D\ the atom originally at 
0'\ will not retm'n to that point, but will be attracted by 
-4, and the molecule will tend to collapse into the bulk 
A C. liA C" be stretched beyond the bulk A D'\ it 
will tend to take the dimension A C". The only mole- 
cule that cannot be permanently changed by compression 
is A C\ 



Temporary 
molecule ; 

Penuniiont 
molecule ; 



Wlien 

jicrmanence 

cxbts. 
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The component atoms of molecules thus constituted are, 
when in a state of relative equilibrium, in a condition of 
inactivity upon each other. The approximation or sepa- now the rcciprc 
ration of the atoms by the application of some extraneous ^^^^^ aro e^**°* 
cause, gives rise to the exertion of the repulsive or at- cited, 
tractive forces inherent in the atoms, and thus these forces 
may be said to be excited or brought into action. The ^ 

compression or* dilatation is the occasion^ not the efficient 
cause of the attractions and repulsions among the atoms. 



Fig. 2. 




Fig. a 



§ 4. The intensity of the atomical forces determimes the ^orm of the ex- 
form of the exponential curve. If a ponentiai cnrv*. 

* "Fiff. 2. determinea 

very moderate force produce a sensi- 
ble displacement of the atoms, the 
ordlnates E' d\ and Ed^ on each side 
of the position C\ of inactivity, must 
be short, and the exponential curve will cross the axis very 
obliquely, in order that the ordi- 
nates expressing the attractive and 
repulsive forces may increase slowly. 
If, however, it require great force 
to produce a sensible compression or 
dilatation, the curve must' cross the 
axis almost perpendicularly. But in 

every case it must be remarked, and the remark is most smaii compres- 
important, that when the compression or distension bears "**° '^"^^ ^***^"' 
a small proportion to the distance between the neutral 
positions of the atoms, the degree of compression or dis- 
tension will be sensibly propor- 




Fig. 4. 



d' 



Ah 
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d 



tional to the intensity of the dis- 

tiu'bing force. For, when the 

displacement D' E or B' E' is 

very small in comparison to 

O^ D\ the elementary arc dD'd' 

will sensibly coincide with a 

straight line, and the ordinates 

E d and E' d\ be proportional to the compression D' E 

or distension D' E', That is to say, because action and 
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reaction are equal, a disturbed 
atom will he urged hach to- 
wards its position of neutrality 
iy a force w/iose intensity is 
proportional to the distance of 
the atom from, that point. 

Moreover, supposing the atom 
A, Fig. 4, to be kept station- 
ary, and the points 'E^ aud jE", to mark the limits of 
the disturbance of the other atom, this latter will return 
to its fiosition of neutrality D', with a living force due to 
the action of the force of restitution over the path E D\ 
or E' D'; it will, therefore, pass the point D\ after which 
the direction of the action will be reversed, the living 
force will be destroyed, the atom will again return to its 
[^ position of neutrality, which it will pass as before, and for 
the same reason, and thus be kept in perpetual oscillation. 
But the action between the two atoms of the molecule be- 
ing reciprocal, the atom A will not remain stationary, but 
will move in the same direction as the disturbed atom and 
tend to presei-ve its neutral distance, and the oscillation 
that would otherwise continue will, therefore, be checked. 

n,. § 5. Let us next take the case of a molecule of the sim- 
™ plest constitution, to wit, one composed of two atoms, and 
examine its action on a third atom situated on the prolon- 
gation of ^ Y^, joining its elements. 



ng.e. 




Suppose a molecule X Y, composed of the two atoms 
^and y, which are placed, the former at A, and the lat- 
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ter at the last limit of cohesion C\ Fiff. 5. The dotted and Exponential 

' <-' curves of the 

waving curve beginning at Y and running towards (7, will component 
represent the exponential curve of the atom X, in that ''*^"°**' 
direction, while the similar curve beginning at the point 
E^ will represent that of the atom T", and the full cm've 
a A' D' E'C'A" &c., of which the ordinate corres- 
ponding to any point of the line A (7, is equal to the alge- 
braic sum of the ordinates of the dotted curves correspond- 
ing to the same point, will be the exponential curve of the That of the 
molecule X Z", and will give the action of the molecule ™°^^^"^«' 
upon a third atom placed any where on the line A C be- 
yond Y, The curve has been carefully constructed ac- 
cording to the conditions of the case, and shows by simple 
inspection how diflferent the action of even the simplest 
molecule is from that of a single atom. The neutral posi- Neutral posiuona 
tions of an atom with respect to this molecule will be at ^es*ect tTtils^ 
-4, (7, D\ C\ D" and so on to O, A curve having a moiecuie ; 
cusp at A^ the middle point of the distance X Y^ and 
diverging so as to be asymptotic with the lines g h and c' h\ 
will give the law and intensity of the action on an atom 
situated between Xand Y. 

§ 6. If instead of placing the atoms at a distance apart second case; 
equal to that of the last limit of cohesion from ^5 as in the 
last case, we had supposed them separated by the distance 
A C'\ Fig. 1, the resulting exponential curve would have 
been still more unlike that of a single atom ; for in that case 



Fig. 6. 



I 
I 



n\ 



^ 



fC" 



V. 



/I 




several of the attractive branches. Fig. 6, of one of the atomi- 

cal curves would have stood opposed to the repulsive ^*^*"^'*"^"*''^'"" 

■'■ ou an aloiii. 

branches of the other, and the molecule thus rendered in- 
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active on a third atom till the 
latter be removed nearly to the 
furthest limit of the scale of 
corpuscular action. This third 
atom will, therefore, admit of 
considerable latitude of displace- 
ment without much opposition 
Exempiiflcation. Or any great effort to regain its 
primitive position; a fact we 
often see exemplified in the class 
of liquid bodies. 



Third case; 



Fig. 7. 




u 




Constniction ; 



Construction of 
the exponential 
curve giving the 
action of a 
molecule on an 
atom. 



7. Let us now take the 
molecule composed of two atoms 
placed at the limits A and (7", 
Fig. 1, and examine its action on 
a third atom somewhere on 
the line JB B\ which bisects at 
right angles the distance A C", 
Suppose the third atom placed 
at z. Join z with A and (7', and 
construct the single atomical 
curves of A and G" in reference 
to z^ and suppose the atom z in 
Fig. 7, to have a position with re- 
spect to A and C'\ correspond- 
ing to any position between 7?" 
and (7'", Fig. 1 ; thus situated, it 
will be repelled both by A and 
C'\ Fig. 7. In a pair of dividers 
take the ordinate z m^ Fig. 1, and 
lay it off from z^ on the prolong- 
ations oi Az and (7"s,Fig. 7, 
and constinict the parallelo- 
gram z m n mf\ the diagonal 
z 71^ will represent in direction 
and intensity the action of the 
molecule A C" on the third atom. Draw a perpendic- 
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greatly fh)m that 
of an atom. 



ular to B B' through the point z^ and take the distance ♦ 
z E" equal to z n, the point B'' will be one point of the 
exponential^ curve of the molecule A C" in the direction 
B B\ Other points being determined in the same way, the 
waved lines of Fig. 7 will indicate the action sought; 
the ordinates of the branches ^',^", J.'", &c.,on one side 
of B B\ denoting attractions, while those of the branches 
R\ R'\ B!'\ &c., on the opposite side, denote repulsions. 
We see that this action differs remarkably from that of Action diflfers 
a single atom. The cm've has, to be sure, like that of a 
single atom, many alternations of attractions and repul- 
sions, but these alternations become less marked as they 
approach the molecule ; and instead of insuperable repul- 
sion at the greatest vicinity I^ we find there a neutral 
point. Moreover, in approaching the molecule, the repul- 
sive action ceases at D\ where attraction begins and con- 
tinues, so far as there is any action, all the way through 
to U on the opposite side of A C". This molecule is ever 
active when approached along the line B B\ except at 
certain neutral positions where the direction of the action 
is reversed, and is easily penetrable in this direction, 
whereas along the line AC" if exerts little or no action 
within certain limits, and is capable gf an infinite repul- 
sion within its last limit of cohesion. Thus we see that 
even in this simplest constitution of a molecule, the action 
on an atom is susceptible of great variety by mere diffe- 
rence of position and distance between its component 
atoms ; and it would be easy to show that while the law 
of the atomic action in all bodies is the same, the reci- 
procal action of the molecules com- 
pounded of these atoms may be un- ^ig. a 
speakably various according to the ji 
relative position and distance of the j^^ „ 
component atoms. 

§ 8. Confining, for the present, 
the motion of the third atom to the 
plane of tlie lines A C" and B B\ 




Law of atomic 
action tho same 
in all bodies. 
Reciprocal action 
of molecules 
injQnitely virions. 
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Fig. 8. 



atom. 




Action of a ♦ ^^g- ^^ ^^ ^^^ *^^* wlien it is at 2, 
molecule on an it is repelled by the molecule A C\ 

when at s' it is attracted, and 
the action is reduced to nothing 
at the point D". When the atom is 
drawn aside fi'om its neutral position 
D'\ say to s", Fig. 8, it will be re- 
pelled by (7" and attracted by A^ 
because the distance from the former 
will be diminished, while that fi'om A will be increased. 
Take s" h to represent the intensity of the repulsion and 
s" that of the attraction ; complete the parallelogram 
z" h 2', and we shall find the molecule m-ged to its neu- 
tral position D" by a force whose intensity and direction 
are represented by the diagonal z" q ; so that, so far as the 
action in the plane A C" D" is concerned, D" is a posi- 
tion of stable equilibrium, and the three atoms ^, C and 
D" will constitute for moderate displacements a permanent 
molecule, presenting an elementary sm'face having length 
and breadth. The same would be time were the third 
atom placed at D' or D"\ &c.. Fig. 7. 
Oscillation of thf The disturbed atom when at z" being urged back to its 
ur e a m, ^^^^^ ^£ neutrality by the molecule A C'\ will reach that 
point with a certain amount of living force, due to the ac- 
tion of the force of restitution over the path from z" to 2>"; 
it will, therefore, pass to the opposite side of 7?", wliere 
the action being in the opposite direction, its living force 
will be destroyed, after which it will be brought back and 
made to oscillate about D" as long as A and C" are sta^ 
tionary. Eut while the third atom is on the side s", that 
at C" will be repelled by it, and that at A attracted ; the 
contrary will be the case when the atom is on the oppo- 
site side from z\ so that the atoms of the molecule A G" 
will also oscillate, and obviously in such manner as to 
to cause the neutral position to follow the displaced 
atom. 



Constitution of 
an elementary 
surface. 



Tliat of the 
atoms of the 
molecule. 



Explanation of 
flgore; 



§ 9. Now conceive a triangle A (7' (7/', each of whose 
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sides is equal to a distance at which 

two atoms may form a permanent 

molecule, and suppose an atom to be 

placed at each vertex ; these atoms ' ^ ^^ ^* ^^ 

will form a permanent molecule. 

Place a fourth atom at the vertex 

D'\ of a pyramid of which the base 

is the elementary plane formed by 

the first three atoms, and each of the 

edges about the vertex is equal to a 

distance necessary for two atoms to 

form a permanent molecule. It will be obvious, from 

what has already been said, that the fourth atom or that 

at the vertex cannot be disturbed without being resisted Pcnnanent 

and ur^cd back to its neutral place by the action of the °'^^'''^" ^^^^" 

<-> ^ , , . atoms; 

molecules which form the base ; for, if it be moved aside 
in either of the plane faces of the pyramid, it will, § 8, 
be opposed by the force of restitution due to the action of 
the molecule of two atoms in the same plane; and if 
moved out of these planes, its distance from one at least 
of the atoms in the triangular base must be altered, thus 
exciting a force of restitution. What has been said of the 
atom at the vertex of the pyramid is equally applicable 
to each of those in the base when considered in reference 
to the three others, and hence the four atoms A^ C'\ 
C/\ D'\ form a permanent molecule ; and from its capa- 
bility to resist the approach of a fifth atom, another mole- 
cule or particle, in every direction, we derive the idea of 
an elementary solid, having length, breadth and thickness. Elementary solid 
A disturbance of any one of the four atoms will put the ^^^"""^^"^^ ""^^ 

^ . . "^ ^ caiise the neutral 

others m motion, and it will appear on the slightest con- points to foUow 
sideration that the directions of tKese motions will be such *^^ ^^isturbed 

atoms. 

as to cause the neutral positions to shift in the direction of 
the atoms which have been disturbed from them. 



§ 10. What has been said of the action of atoms to same reasoning 
form molecules may easily be shown to be true of the 3"^*^ and 
reciprocal action of molecules to form particles, and of panicles. 

2 
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particles to form the bodies wliicli, in all tlieir endless 
variety of physical characters, come within the reach of 
our senses. And according to this view, the characteris- 
tic peculiarities of all bodies are to be understood as aris- 
ing solely from differences in the action wliicli their atoms, 
molecules and particles are capable of exerting on each 
other, and upon those of the bodies with which they may 
be brought into sensible contact. 
Eeciirocai action j^^^ {^ j^^^gt ]^q remarked that all these differences of 

confined to small action are confined to small and insensible distances which 
distanccB. ]^Q within the limits of pliysical contact. At all consider- 

able distances we find nothing bnt the action of gravita- 
tion, of which the intensity is proportional to the number 
of atoms pr the mass directly, and to the square of the 
distance inversely. 

The most subuie § 11. The most subtilc and attenuated body of which we 
^^^ . ., can form any conception, accordin^: to Boscovich, is one 

conceivable; •^ ^ . ' ^ ^ ' 

composed of atoms arranged at distances from each other 
ecpial to that which determines the furthest limit of cohe- 
sion, or that beyond which gravitation begins. But such 
a body, when abandoned to itself, would shrink into 
smaller dimensions in consequence of the gravitating force 
between the atoms not adjacent to each other, and the 
contraction would continue till the repulsions which it 
would develope between the contiguous atoms had in- 
^^'^'*^"^*^'^**^^^ creased to an equilibrium with the compressing action, 
pommncnt form; when tlic body would take its permanent form. 

Such we may suppose to be the constitution of that ethe- 
Ethor. Y^r^i medium whicli pervades all space, permeates every 

body, and connects us with the objects of whose existence 
we are made conscious through the sense of sight. 

§ 12. A body similarly constituted, but in which the 

atoms are replaced by molecules or particles arranged at 

stractnreofthe distances Icss than the furthest limit of cohesion may give 

**™^ "*' us an idea of the physical structure of our atmosphere. 

Here as in the last case the molecules cannot occupy their 
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neutral positions because of the forces of gravitation exist- its molecules 
inor between those molecules more remote from each other cannot be in 

^ ^ ^ their neatral 

than the furthest limit of cohesion, which force will cause positions; 
the elements to crowd together; but we have seen that 
when the elements of a body are brought closer than those 
neutral positions which constitute permanence, the adjacent 
elements will repel, and can come to rest only when these 
antagonistic forces of attraction and repulsion balance. 
Add to these considerations the attraction of the earth 
for this fluid, and the equilibrium of any molecule will be conditions of it* 
found to result from the mutual destruction of the weight equilibrium, 
of the superincumbent column of molecules extending to 
the top of the atmosphere, and the repulsive action of 
the molecule in question for that immediately above it ; 
and since the weight of the pressing column decreases as 
we ascend, the density must diminish in the same direc- 
tion, all of which we know to be confirmed by the indica- 
tions of the barometer. 

§ 13. Passing to the denser bodies, whether of the 
organic or inorganic class, as vegetable or animal tis- 
sue, water, clay, glass, gold, we find variety of structure 
without difference in the principles of aggregation. All aii bodies 

T .1, /» , 1 lA.' 1. J. ' ^ J. 1 composed of the 

are built up oi the same ultimate atomic elements, grouped game ultimate 
into molecules, the molecules into particles, and the parti- atomic elements; 
cles into the various bodies whose j)laces in the scale of 
gradation, from the hardest to the softest solid, from the 
most viscous liquid to the most subtile gas, are deter- Their 
mined solely by the intensity, ran^e and direction of ''^'"''''''^^''^^^'^ 

^ 'J t/ 7 D ^ properties 

the atomic actions which mark their internal structm^e. determined. 

§ 14. All bodies in nature are physically connected ah bodies 
vrith each other. Those plunged into the ocean are united ^onnlc^cd 
by sensible contact with its common element. So of tlie 
bodies which exist in the atmosphere. The atmosphere rhysicai 
rests upon the ocean, and that ethereal medium whicli„,aiQjine^i,y 
permeates the atmosphere and the ocean, and extends <>cean, 
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Atmosphere, tln'ougliout all space, carrics this connection to the hea- 
ether. vcnly bodics. 

Disturbance of a The disturbance of an atom, molecule or particle, will 
Is transmitted ^^^^^ ^^^ relative distauccs from the neighboring elements ; 
throughout the molccular forces on the side of the shortened distances 
"P*^®* -^iU increase, while those on the opposite side will di- 

minish. The equilibrium which before existed will be 
destroyed, and the adjacent elements must also be dis- 
turbed ; these will disturb others in turn, and thus the 
agitation of a single element will be transmitted through- 
out space, and impart motion, in a greater or less degree, 
to the elements of all bodies. 

Motionaflfects § 15. Amoug the bodics thus affected are certain deli- 
♦>.lT^^«,^«a«rCate and net-like ramifications of nervous tissue, which 

tnrougn organs of / 

sense; are Spread over portions of our organs of sense. These 

nerves partake of the agitations transmitted to them from 
without, and by some mysterious process, call up in the 
mind impressions due to the external commotion. The 
structm'e and arrangement of these nerves differ greatly 
in the different organs, and while they are all subjected 
to the general laws which control the corpuscular action 
of bodies, yet each individual class is distinguished by 
peculiarities which determine them to appeal to the mind 

All our Qniy \vhen addressed in a particular way. We hear, feel 

impressions due -. ^ .^ ,* /» .., 

to a common ^^^ ^cc by the Operation oi a common prmciple — motion ; 

principle- of this, there is endless variety in perpetual existence 
among the elements of the media in which we are im- 
mersed ; and, according as one or another of the organs 
of sense becomes involved in the particular motion adapted 
to excite the mind to action, will our sensation become 
that of sound, light, heat, or electricity. 



OF WAVES. 

An sensations g iQ j^\[ sensatious derived from our contact with the 
motion physical world depend, according to this view, upon the 
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state of relative motions among the elements of bodies ; 

and we now proceed to consider those motions which are '^^^ p'*®?®'' *» 

suited to produce the sensation of sound, and we must be ^' ^^ ^^ 

careful to distinguish between the properties of solids and 

fluids in this respect. 

Conceive a perfectly homogeneous solid, that is, one in 
which the particles occupy the vertices of regular and 
equal tetrahedrons, and suppose its elements in a state 
of relative repose. A single particle being disturbed from 
its place of rest, through a very small distance, compared 
with the tetrahedral edges, will be urged back by the 
action of the surrounding elements with an energy which 
is, § 4, proportionate to the disturbance. This particle <>rbitofa 
will, when abandoned to itself under these circumstances, particle; 
describe about its position of rest as a centre, an ellipse, 
or perchance, a circle or right line, the extreme varie- 
ties of the ellipse whose eccentricities are respectively 
zero and unity. Moreover, the time of describing a Time of 
complete revolution will. Mechanics, § 180, be constant, ^^g^"!''^ 
no matter what the size of the orbit within the limits sup- 
. posed; and the mean velocity of the particle will, there- Mean velocity ; 
fore, be directly proportional to the length of the orbit, 
or to any linear element of the same, as that of the semi- 
transverse axis. The disturbed particle being acted upon 
by its neighbours, these latter will experience from it the 
action of an equal and contrary force ; .they must, there- Neighboring 

/» 1 1 •! • •! 1 'j^ 1 j^i particles describe 

tore, move and describe similar orbits; and the samegj^^.j^^^j^j^g^ 
will be true of the particles next in order, till the disturb- Disturbance 
aiice becomes transmitted indefiniteh^ The disturbance ^*°^°*^"®^ *° 

, , , all directions. 

must take place in all directions from the primitive source, 
because the displacement of a single particle from its po- 
sition of rest breaks up the equilibrium on all sides ; and 
the disturbance must be proo^ressive, since it is to an ■^*^*^^"*°® *• 

J- o 7 progressive; 

actual displacement of a particle that the forces are due 
which give rise to the displacement in others. It follows, 
therefore, that while the first disturbed particle is describ- 
ing its elliptical orbit the disturbance itself is being propa- 
gated from it in all directions, and that at the instant this 
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First particle particlc lias complctod one entire revolution, and begins 
having made one a sccond, the disturbance will have just reached another 
jiistbeg^^to*' particle ^2 9 ^^ ^^^ distance, which particle will then be- 
Diove; gin for the first time to move, so that these two particles 

will dm'ing subsequent revolutions about their respective 
centres always be at the same angular distance from their 
starting points ; when the first particle A j has completed 
its second revolution, and the particle A^ its first, the dis- 
turbance will have reached a third j)iu*ticle A^, still fur- 
ther in the distance, which begins its first revolution when 
A third begins toA^ bcgius its sccoud, and A 1 its third, and so on indefi- 
nitely. 
Space including Now, after the disturbance has reached the particle A^ 
particles in all {^ jg pj^iji that the particlcs 

positions in their ■*• i j • i 

orbits; between A^ and A^ inclu- 

sive will be in all possible 
situations in their respective 
orbits. For example, taking 

the instant in which A , first returns to its starting point, 
it will have described three hundred and sixty degrees, 
the consecutive particle an arc less than this, the next par- 
ticle, in order, an arc stilllcss, and so on till we reach A,, 
which will only just have bcgim to move. If then, we 
conceive a series of 

concentric spheres ^^ ^^ 

whose radii are re- 
spectively ^1^25 

Illustration. a a a a o 

A^A^^ A^A^^ &c. 
it is obvious that 
within the space in- 
Expianation of cludcd between these spherical surfaces, the i^articles will 
be in every possible stage of their circuits around their 
respective centres, and will, as we pass from surface to 
surface, be found moving in all possible directions in tb© 
planes of their several orbits ; and the same would obvi- 
ously be true, if the radii of any two consecutive surfaccB 
had been increased or diminished by the same length, th^ 
only difibrence being that the particles at the new positi(>:t^ 



JLi 
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of the surfaces, instead of being at the origin or places of 
rest from which they began their respective circuits, would 
occupy places more or less remote but equally advanced 
from these points. Thus, for example, had the radii been 
taken ^,J.2 + ^ J.3J.3, and ^, J. 3 + ^-^2^.3, then Wave length not 
would the particles at the new surfaces have been at an p^^ticu^„ *^ *°^ 
angular distance from their respective places of primitive position, 
departure equal to 90°, but the surfaces would still have 
included between them in the direction of the radii, par- 
ticles in every possible state of progress in their circuits, 
the particle at the origin of departure being in this case 
at a distance from the surface of the smaller of the second 
set of spheres equal to three-fourths of the difference be- 
tween the radii of any two consecutive spheres of the first set. 
Tliis particular arrangement of the particles of any 
body arising from the disturbance of one of its elements, 
and by which, after a certain lapse of time, all possible 
positions around their respective places of rest are occu- 
pied by the particles, in the order of succession, at the 
same time, is called a Wave. The distance, in the direction ^^^*- 
of the radii, between any two of the consecutive spherical 
surfaces above described, is called the length of the wave. 

The term phase is used to express both the par-Piiase. 
ticular displacement and direction of the motion of a par- 
ticle in any wave. A wave lengthy therefore, is that interval wavo length. 
of space which comprises particles in every possible phase. 
Particles which have equal displacements and motions, 
in the same direction, are said to be in similar phases ; ^^^^ ^^^^^ 
when the displacements and motions are equal and op- 
posite, the particles are said to be in opposite phases. ^^^^^^^^^^^ 

.The surface which contains those particles of a 
wave which are in similar phases, is called a wave front. Wave front; 
In sound this last term will be used to denote the surface 
containing those particles which are, for the first time, in sound, 
beginning to move from their places of rest. 

In fluids the particles are not, as in soKds, invariably 
connected, but admit of free motion among each other. 
When, therefore, a fluid particle is disturbed, it acts on 
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Polfie. 



the surrounding particles as on detached masses, and 
having given up its motion affcer the manner of one body 
colliding against another, it comes to rest and continues 
so till disturbed a<jain bv some extraneous cause ; in the 
meantime, the surrounding i)ai*ticles move to assume with 
respect to it their positions of relative rest ; other particles, 
more remote, partake in turn of this momentary move 
ment ; one particle after another comes to rest, and thus, 
but a single wave, denominated a pxiUt^ is transmitted 
throughout the medium. If, however, instead of aban- 
doning the fluid particle after impressing upon it its primi- 
tive motion, it were moved to and fro, like air before a 
vibrating spring, waves would succeed each other in fluids 
Wave recnrrcuoe as iu solids, tho circum.stauccs of wave recurrence being 
dependent on determined wliollv bv thc action of the distm'binff cause. 

disturbing canae. J j o 

A wave transmitted through any medium tends to 
throw the elements of all bodies which it meets in its 
course into a similar condition of wave motion. When 
the elements composing the nervous membranes of the 
ear become involved in certain of these motions, trans- 
mitted through the atmosphere or other medium with 
which the ear is in contact, w^ experience the sensation 
of soitnd I when the nerves of the eye partake of a similar 
class of waving motions conveyed through the ether, we 
have the sensation of light / and when the waves are of 
that particular character to agitate the surfac3 or cuta- 
neous nerves, the sensation bc^comes that of heat. 



Whence we 
experience the 
sensation of 
sound ; 

Oflight; 



Of heat 



THE VELOCITY OF SOUND IN AERIFORM BODIES. 



§ 17. Now, it is important to distinguish between the 

rate according to which the disturbance is propagated, 

Velocity of wave and that witli which each particle describes its orbit about 

vZ^Ta ^^^ P^^^ ^^ ^^^*- ^^^ ^^^^ ^® ^^^^^^ ^^^ ^^^^ velocity^ the 
particle. secoud the velocity of the wave element. The first deter- 

ihe firet mines the interval of time from the instant of primitive 

determiiio'* an *■ 

intenaioftimc; disturbance to that which marks the beginning of motion 
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of any remote particle ; the second, the quantity of action Tiie second a 
communicated to this particle. The wave is but a form^'^^^^^^^^^ 

•*• •/ action. 

or shape J occurring, in the regular lapse of time, at places wave is a form 
more and more remote from the place of first agitation, o^ siiape. 
as from a centre, while the particles whose relative posi- Excnrstonsof 
tions determine this form, never depart from their places p*^^*^^^^^^'^ 

' •*• ■»■ small as 

of relative rest but by distances which are quite insigni- compared with 
ficant in comparison with the lengths of the waves. The '^^»^®^^"^^^- 
wave velocity is called the velocity o{ sound, of liaJit of ^^*^® velocity is 

•^ , , , -^ 7 ./ 3 the velocity of 

fieaf^ or of electincity^ according to the sense to which the somid, of light, 
waves address themselves. We now proceed to investi- 
gate the velocity of sound, and shall begin with the 
aeriform bodies, taking the atmosphere first. 

From the definition of a wave, § IG, it follows that 
dm-ing the time in which the wave 
element, or single particle a, of air, Fig. 12. 

describes one entire revolution in its 
orbit, the front of the wave will have 
progressed over the distance a a\ 
equal to a wave length. Denoting therefore, the wave 
velocity by F, the length of the wave a a\ by A, and the 
time requu'ed for an element to make one complete cir- 
cuit by ^5 we. shall have, Mechanics Eq. (2), 




A 

t ^ ' velocity. 



^ •:=:. — ^ ^ ^ ^ ("^ Value for war© 



§ 18. The time ^, is, as we have seen in Mechanics, The time*, 
§ 180, independent of the distance of the particle from its f^'H^^^.^^^^^^ 
place of rest, and is determined by the acceleration due the disturbing 
to the intensity of the central force at the distance unity. ^^^^^ 
This intensity, in the case of sound, is the resultant of the 
antagonistic action of the force of disturbance and that of 
restitution, and as the latter is always constant for the 
same medium at the distance unity, or any other given 
degree of displacement, the value of t must result from 
the character of the disturbing force. Thus when the par- 



26 



NATURAL PHILOSOPHY. 



Fig. la 



tide a, is made by any extraneous 
force to describe a path about its po- 
sition of rest, the adjacent particles ^, ,j, 

luostration. ^5 ^5 ^5 ^) ^^^ ^^ thrown into motion, 

and will only return to their places ^ 

of departure after a has been re- 
stored by the force of disturbance to d' 'o 
its position of rest; and since the 
places occupied at any instant by the particles J, <?, £?, e, 
depend upon that of the particle <z, the rate of motion of 
the former particles in their respective orbits, and there- 
fore the value of t, will be determined by the greater or 
less- rapidity with which a, is made to move imder the 
action of the disturbing force. The motions of the parti- 
cles 5, c?, dj e^ regulate in turn those of the next particles 
romoto from the in Order, and so on indefinitely, so that the disturbing 
agitation! forcc rcgulatcs the value of ^, for all particles however 
remote from the primitive agitation at a. 



True for all 
particles however 



F independent § iQ^ •\Yith thc valuc of Fit is not SOI this is indcpen- 

of the disturbing ^ ' ^ 

force. dent of the disturbing force. We have seen, § 12, that 

when in a state of relative rest, the elements of any me- 
dium are maintained in that condition by the opposing 
forces of repulsion between adjacent elements, and of 
attraction between those which are separated by a dis- 
tance greater than that which determines the furthest 
limits of corpuscular action. These forces are equal and 
opposite. Denote the sum of the re- 
pulsions of the particles which occupy 
a unit of surface by JE. Conceive a 
plane A J3^ passed through the me- • 

dium, and the particles on the side 
JTto bo removed; those distributed ^ 
over a unit of surface of the opposite 
side will be pressed against the plane * 

by a force equal to E^ and to keep 
the plane from moving would require 
the application of an equal and contrary force. But this 



Dlnstration. 



Fig. 14. 
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force, in the case of the atmosphere, is measured by the 
weight of a colmnn of mercury whose base is unity, den- 
sity Z>^^, and height A, or by D^^ . g . h\ whence 

E = D]^ , h . g (2). Mcasureofthe - 

elastic force of 
the atmosphere' 

The second member measures the Elastic force of the 

medium. ^ 




§ 20. Let A B^ CD, E F, &c., be the positions of 
several strata of particles of air at 
rest and of which the molecular forces 
are in equilibrio ; and suppose them 

surrounded by a tube whose axis [] \ | Domonstratioa 

is perpendicular to their surfaces. 
If the stratum JL ^ be moved by ^^' 
any extraneous cause towards the 
stratum CD, the latter will move under the action 
of the increased repulsion between it and the stra- 
tum A B, Suppose the stratum ^ ^ to take the position 
A! B\ at the instant the stratum C D begins to move. 
The distance A A\ will, from the views already given of 
the constitution of a fluid, be indefinitely small. 

Denote the distance A (7 by cc ; A! C\>y x^\ and the 
elastic force exerted by the air in its state of rest on a unit 
of surface by E, then supposing the cross section of the 
tube uniform, and its area equal to a, according to Mar- 
iotte's law 

ax^\ ax : : aE : aE^ Maiiotte'siaw. 

in which E^ denotes the elastic force exerted by the air 
on a unit of surface between A^ B' and CD] -w hence 



/9 



rjU Elastic force of 

= /r, - _ 



-^ - — J^ • — • the compressed 



^y air. 



The stratum C D h urged foi'ward by the elastic force 
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-£], and is opposed by the elastic force 
E ; its motion will therefore be due to 



X 



Moving Ibrce 

acUngona ^(-^ — E)^=' (L E (zE^^aE* 

stratmn; 



x—x 



X. 



X. 



/ • 




jijy B 



Velocity due to 
this force ; 



which is the moving force. And denoting the mass of 
the stratmn V D by ???, the acceleration due to this force, 
or the velocity generated in a imit of time, will be 



a E X — X 



in 



X. 






and the velocity v, generated in an elementary portion 
of time t^ equal to that during which the stratum A. B 
moves to the position A! B\ will be given by the relation 



Velocity in 
small time (; 



a E X — X, . 
V = '- . tj 



VI 



X. 



Mechanics §83, which is obviously the velocity with 

which the stratum C D will be thrust from its state of 

Velocity Tcst, and is analogous to that imparted to a stratum of fluid 

imparted to the pressed through an orifice in the bottom of a vessel con- 

Rtratum CD. ... , n . i 

taming a heavy nuid. 

The mass of the stratum CD will be the same whether 
we regard it concentrated into the plane CD^ or ex- 
panded in both directions half way to the adjacent strata ; 
in the latter case its volume would be a . n, and its den- 
sity a mean of the actual density of the whole fluid 
mass. The same being supposed of all the strata, the 
matter would become continuous ; and denoting the 
mean density by i?, we have ' 



m =^ D ,a ,x 



Mass of a stratum 
of air. 



which substituted in the above equation, and writing 
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therein x for x^ in the denominator, from which it does 
not sensibly differ, we have 



E x- X. t ^«^°°^^, 

V = 



' - Imparted to 



D X X stratum Ci); 

Now at the end of the time t^ the stratum A B has 
reached the position A B\ and the stratum* G D begins 
to move ; that is to say, the disturbance has been propa- 
gated over the distance from -4 to (7 = ai, in the time t. 
Hence, denoting the velocity of this propagation, which is 
that of the wave motion, by F", we have 



or 



r= 


X 


t 


1 


X ~~ 


F' 



this in the last equation gives 



E X — X, 



Molecalar 
(2)'. velocity; 



which may be written 

X E 



r.v . 



X — x^ D 



Here F", is the wave velocity and t?, the actual velocity 
of a stratum of air, and for the indefinitely small time ^, 
these may be regarded as constant ; but the spaces x and 
x — x^ are described with these velocities in the same 
time, and hence 

X — x,\x\\'oiY 
whence 

7X — X. The same in 

• _ > other tenns; 

X 
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' f,. 



'->-• T.prr/; 



ar.-: 'iii- -ub-itltuted uhovo gives 






••.•.«; 



:-)Tf. 



F = n/|' (3) 



I :.';-. ^.: Av; ...■:<;, tlifit ^7//3 i^ai*<? vclocity in the same medium^ 
^it a ro'Mf/int h'jn2)^.raturG and under a constant pressure^ 
'^f/'U, //^ ^//oyJ.ant^ \)i-\\\<^ eqiuil to the square root of the 
r^' » '//ii.ii('f\ \)V dividing' the ehtstic force of the medium 

,.' '.*.". 'K-.j.-.iry. U(i>laciiig -£* by its value as given in 
//.. ' i . ^U'\ al/A'(j reduces to 



V=\/ g.h.^ (*)• 



? //.. 'i'r.', d^rri-ity D^ of the atmosphere or any other 
' y, ■ '. ;;.'::! irrj. ''rorns ponding to any barometric column 
/,. -:- . ' -.r.o ;;';i*ure f, is given by Equation (240)' Me- 



. kjkr^ 



:j<r * 1 + (; - 32°) . o,00208 

i. . - '-.!', 'v/ottituted in equation (4), for D^ gives 
-' %/? . -V". -^ . [1+ (^ - 32°) . 0,00208] 



. -. r:-.;-:;. /> denotes the density of mercury, and jD ti 
'.' ^ .': ir.r.: sphere at 32° Fah., the atmosphere berii 
v.-..:':.' <, '7^T=ure of 30 inches of mercury. 

i 1'2. P:.e quantity 7i, does not appear inEquatii>n '.T c 
f/'ir, xl-:.'.^h we are to infer that thci velocity is indep 
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dent of tlie atmosplieric pressure, as it should be ; for, an Velocity of sound 

t^ .n . ii 1 J.' i? 77» T_ , independent of 

increase 01 pressure will increase the elastic torce Mj / but atmospheric 

this will increase the density i?, in the same ratio, so that, pressure; 

Equation (3), the velocity should remain unchanged. But 

an increase of temperature under a constant pressure 

dilates the air, and therefore reduces D for the same 

value of jE! Hence, all other thino;s bems; equal, the ^®^®°^*^y^®***' 

' 1^ ^ -^ , in warm weather 

velocity of sound should be greater in warm than in cold than in cold, 
air ; greater in summer than in winter, and this is what 
is indicated by the quantity t^ in Equation (5). 

§ 23. If in Equation (5) we make t = 32°, we find 



/ »'«• T) 



The density of distilled mercury at 32° Fah. is, Me- 
chanics, § 275, equal to 13,598, and that of air at the same 

f- 
temperatm'e, and under a pressure of 30 inches = 2.5, of Tabular vainea 

mercury is 0,00130i ; and the mean value of (7 is, Mecha-^o'*^^^^*^^^® 

/. data. 

nics, § 72, Eq. (22), equal to 32,1808, which values in Equa- 
tion (6) give 



V^S/ 32,1808 . 2,5 . i^l^^_^ = 915^69 .... (6)' velocity of sound 

0,0013 without increase 

of temperature. 

which would be the velocity of sound in our atmosphere 
under a pressure of 30 inches of mercury and at the tem- 
perature of freezing water, were it separated from admix- 
ture with all other media. 

§ 24. But it must be remarked that the value of E^ in 
Equation (3), which is one of the important elements of increase of 
this estimate, is assumed tobeffivenby the wci«:ht due to*®°^P^^^^"^®'°' 

etherial 

the height of the mercurial column. Now, this only mea- vibration, 
sures the pressure due to the grosser elements of atmo- p^*'^"*^^^^^ 

, . , ^ _ sonorous wavea 

spheric air, and takes no account whatever of the elasticitv 
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Elasticity due to diie to that vastlj more subtile and refined atmosphere of 
the ether. ether which permeates the air, glass, and torricellian 

vacuum, and which, therefore, presses alike on both ends 
of the barometric column. A motion among the atmo- 
spheric strata will give rise to a similar motion in this 
ether; tlie equality in its elasticity on opposite sides of 
the strata in the direction of the motion will be disturbed ; 
this inequality will develope a reciprocal action among 
the strata of ether and those of the atmosphere itself; 
hence, E^ in Eq. (3), is too small, and consequently F", is 
also too small. 

Denote by^ffj a constant co-efficient which, when multi- 
plied into E^ as indicated by the barometer, will give the 
true elastic force as it actually exists ; then will Equation 
(5) become 



Corrected value 
for velocity. 



•F=\/<7. 30".* ^ • E. Tl + (j{-32°) . 0,002081 . . (7). 



or, replaoing the value of the first three factors as given 
by Equation (6)', 

by •F= 915 G9 . \/ K . (1 -h rt- 32°) . 0,00208 1 . . . (7)'. 

waves, ^ \ ' / 



Tlie quantity K^ may be called the coefficient of haro- 



Velocity as 

affected 

etherial 

or increase of 

temperature. 

Co-ofllcioiit of 

boromotrlo 

oioiiticity, A". metric elasticity of the air. 

To flud the rt../my»-ii 1 (* TT- 

cmiHtnnt A', V, § 20. To find the value of K, correspondmg to any tem- 

inuHt b« known, pcratiire ^, it will be first necessary to know that of K, 

But K^ being constant, if the value of Y be found for 

any particular state of the air, that of K^ will result from 

r. »m,.,u,.i by «''l"'ition (7)'. 

wiikI; Tlic velocity F, is the rate of travel of the front of the 

wave from a disturbed particle of air taken as an origin. 

"Wlieii the wind blows, the whole mass of air, and there- 



ELEMENTS OF ACOUSTICS. 33 



fore this origin, has a motion of translation ; and to find To find r 
y experimentally, the observations should be so con- ^^^'^^^^^ ^* 
ducted as to eliminate the disturbing effect of the wind. 
To understand how this may be 
done, suppose an observer placed ^* 
at Aj midway between two sta- 
tions -B and (7, and the wind to ^ 2 er 

blow from B to (7. Denote the 

velocity of the wind by v / then will the velocity with 
which sound will travel from ^ to -4, be T^ + t?, and 
from G to- A, it will be V — v^ the mean of which is 
obviously Y. 

To eliminate therefore the eflect of the wind, let four ^ji^jj^^j^^. 
remote stations B^ (7, D^ E^ be so chosen that the line 
connecting C and B^ shall be perpendicular, or nearly so, 
to that joining E and i?, and place an observer at the inter- 
section A, At the stations B^ i?, C^ E^ let signal guns 
be fired in succession, and the observer at A note, by a 
stop watch, the intervals of time between his seeing the 
flash and hearing the report. The distances from A^ 
being carefully measured and each divided by the corres- 
ponding interval in seconds, will give a value for Y. 
The mean of these values and the reading of the thermome- 
ter, which must also be noted, being substituted in Eq. 
(7)', the value of ^ will result. 

The experiments of Moll, Yaistbeek and Kuyten- ^'^'^°*®"^ 
BROUWER, performed in 1823, over a distance of 57839 
feet, in a dry atmosphere, at the temperature of 32° Fahr., 
gave a mean value of F"= 1089,42 English feet. These 
values substituted in Equation (7)' give 

nnQ0i.9Na Resulting value 

K = (12??'i?L = 1,4154. of K, 

( 915,G9)^ ' 

which in Eq. (7)' gives the general value of 



Final valae of 



F= 1089,42 v/l+(#- 32°). 0,00208 (S^Z^i^i^K 

' 3 
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Principle of heat . § 26. Tliis vibratorj motion among the elements of 
ether, giving rise to a secondary system of waves, by 
which the propagation of sound is accelerated, constitutes 
the principle of heat And to ascertain to what degree a 
Fahrenheit thermometer would be affected were it sud- 
denly transferred from a perfectly stagnant atmosphere to 
one agitated by sound waves, could the mercury take 
instantaneously the bulk which would enable its ether to 
vibrate in unison with that of the sound wave, it would 
only be necessary to find the value of ^ — 32°, in Equation 

(5), after substituting for Fand.y/^ . 7^.:^', their respec- 

tive values 1089,42 and 915,69. Solving the equation 
with reference to ^—32°, and introducing these values, 
we find. 



Amount of Latent 
heat rendered 
tiree. 

I>ifrerence 

Itetween 

c^/rnputcd and 

(ibMjrved 

velocity 

explained. 



i5-32° = 



^__rp^V-l 1 = 199,71. 
0,00208 L \ 915,69 / I 



This is called the amount of heat given out by an element 
of air during its condensation in a sound wave. It was to 
the increased elasticity imparted to air by this sudden 
change of a portion of its heat from latent to free^ that 
Laplace fii-st attributed the great disparity between the 
computed and observed velocity of sound. 



Kffeet on the 
btmtum CD 
rMLunedL 



Two dtf-es mxj 
nr&M'; 



JA' 



Ftnt 



§ 27. Before proceeding further we must remark, that 
nothing has been said of the conduct 
of the stratum C D^ after it was im- 
pelled forward from its place of rela- 
tive rest by the action of the stratum 
A -S, which was brought by the 
disturbing cause, say the motion of 
a rigid plane, to the position A' B\ 

Two cases may occur : either the stratum A B may be 
retained in the position A' B\ or the disturbing plane 
may, by an opposite movement, leave this stratum unsuj)- 
ported from behind. In the first case, if the medium bo 




3ir 
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homogeneous, the masses of all its particles will be equal, in first case a 
and the velocity impressed upon those in the stratum tr"nstfiued in 
CD will, by the principle of the collision of elastic masses, the direction of 
be transferred undiminished to those in the stratum E F^ ^^ '^ ^^^' 
after which the stratum CD will come to rest; and the 
same of the succeeding strata in front : Mechanics, § 247 ; 
so that there will simply be a pulse, transmitted along the 
direction in which the primitive disturbance acted. In 
the second case, the stratum A! B\ being left misupported in the second 
from behind, by reason of rarefaction, will be thrust back- pui^e^Xo ^^ 
ward by the superior elasticity of the medium in front, transmitted in 
and this return or backward motion will take place in all direction. 
the strata in front, in the same order of time and distance 
from the original disturbance as in the instance of the 
forward movement ; so that a second pulse will be trans- 
mitted in the same direction as before, only differing from 
the first in the backward motion among the parti- 
cles. 

Distances 

§ 28. It is easy from the known velocity of sound, to thrvebdty^i 
compute the distance between two places which may be sound; 
seen, the one from the other ; and for this purpose let a 
gun be fired at one place, and the interval of time between 
seeing the flash and hearing the report at the other be ^jljaJ^ned. 
carefully noted. This interval, expressed in seconds, mul- 
tiplied by 1089,42 Vl^if- 31^)70^00208, will give the 
distance expressed in English feet. The value of t will 
be given by the Fahr. thermometer. Accuracy siigiitiy 

rri r» .1 • 1 i • i« ^^^ n t affected by wind ; 

iiie accuracy oi this determination will 01 course be 
affected bv the wind, should it be blowing at the time. 
To ascertain the probable amount 
of this influence, let ^ be a sta- ^^^- ^^* 

tion midway between the j)laces ^ 

jB and C, and suppose the wind 

to be blowing from B to (7, with 

a velocity denoted by v; denote the distance BA=-GA i"f"^"f«^;^^^°^ 

•^ t/ 7 determined; 

by S^ then will the actual velocity of sound from B to A^ 
be V+ -y, and from C to JL, be V — v; and the intervals 
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Intervals of time 



of time observed at A^ between the flash and report from 
£ and (7, will be, respectively, 

'^ , and ^ 



V+ V 



V-v 



or developing these exjjressions, 



S 



First interval; 




1 |. 


Second interval ; 




L ^ V ^ v 



+ &C.J ; 



Now, the most violent hurricane moves at a rate less 
than one-tenth that of soimd ; so that the neglect of the 
terms involving v^ , would in the worst case only involve 
an error less than gV^'l^j ^^^ in the ordinary cases likely 
to be selected for experiment their influence would be 
quite inappreciable. Neglecting these terms, we see that 
one of these intervals will be just as much too great as 
the other is too small, and the true interval, denoted by ^ 
will be a mean between them. Hence, 



True interval; 



Resulting 
formula for 
distance. 

Example. 



Distance from 
W<3t Point to 



or 



, t. + t. 

*~ 2 


S 
F ' 


S^Y.t . 


1 • • 



(9). 



Ecamjple, On the occasion of firing a salute of 13 
minute guns at Newburgh, the mean of the intervals be- 
tween noting the flash of each gun and hearing the 
report at West Point, N. Y., was 36,2 seconds ; and the 
temperature of the air, as given by a Fahr. thermometer, 
was 76° ; required the distance from West Point to New- 
burgh. 



/. 



aS = ^ . F = 36,2 . 1089,42 >/ 1 + (76° - 32°) . 0,00208 
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8. 



Computation. 



S= 36,2.1089,42 >/ 1,0915 
and by logarithms : 

36,2 1,5587086 

1089,42 3,0371954 

1,0915, (i), .... 0,0 190118 

41,202 feet 4,6149158 

5280, feet in 1 mile, ae. . . 6,2773661 

7,8034 miles, . . . 0,8922819 



§ 29. We have seen that the velocity of sound through y^iocity 
the air is independent of the barometric pressure, and independent of 

• ,-| 'J. XT Ml i^j_iT »A disturbing eanse, 

experiments show it to be sensibly unanected by its g^^^ ^^^ ^^^ 
hygrometrical state of moisture and dryness ; the actual atmosphere, 

,1 1 i«ii/» • !• ji nature of the 

weather characterised by log, ram, snow, sunshine ; the ,^j^ 
nature of the sound itself, whether produced by a blow, 
gunshot, the voice or musical instrument ; the original 
direction of the sound, whether the muzzle of the gun is 
turned one way or the other ; the nature and position of 
the ground over which the sound is conveyed, whether 
smooth or rough, horizontal or sloping, moist or dry. 

§ 30. Kesuming Eq, (7), and denoting by F' and F'' Velocity of sound 

11.. /111! 1 ^ t^o gases; 

the velocities 01 sound through any two gases whatever, 
by IT^ and ^" their co-efficients of barometric elasticity, 
and by D' and i?" their densities ; then, supposing the 
barometric column exposed to the pressures of the gases 
to be 30 inches, and the temperature of the gases 
to be the same and equal to t degrees, will, Eq. (7), give 



Value in first; 



V = y/<7. 30'> ^.K'\l + {t^ 32°) .0,00208] 
and 



F" = ^g.BO'?-^ .K"h+{t- 32°) . 0,00208] ; ^'""■^ '° 



second ; 
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Dividing the fii*st by the second, we have 



WUiCitles 

rotuifirtitL 



r:_x/?_:. ^ .... (10) 



OfM. *.-lon. 



That is, the velocities of sound in any two gases, at the 
same temperature, are to eacli other as the square roots of 
tlicir coefficients of barometric elasticities directly, and 
densities inversely. 



From Equation (10) we readily obtain 






(11). 



Aiimij-phtrio air Taking ouc of the gases atmospheric air, and the other 
•n^ihyfirogen; },y(]i.(>(r(.ii, and assuuiing the velocity of sound in hydro- 
g(;n, as determined by the experiments of Van Kees, Fka- 
MKYKK and Moll, to wit, 2999,4 English feet, we have, 
after substituting the known values of the quantities in 
the second member. 



Uutio of their 
roiiMuiit 
coAfliciontB ; 



Iiifcrciice; 



(.'onfofin.'t to 

JJ<w-r'<ivl<-h's 
theory. 



:JZ. = (^l^M_y . 0,0G88 = 0,5215. 
K" \ 1089,42/ ' ' 

I Fence the coefficient of barometric elasticity of air is 
nearly double that of hydrogen ; a result which appears 
to indicate that the velocity with which sound is propa- 
gated througli gases is in some way dependent upon their 
chemical or j9Ay«2caZ constitution. This would seem but 
the natural consequence of the views of Boscovich. 



VELOCITY OF SOUND IN LIQUIDS. 



Kxperimontson § 31. From the experiments of Cantox, Oersted, and 
liquids. others, liquids as well as gases are found to be both com- 
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pressible and elastic ; and are therefore fit media for the Experiments on 
transmission of sound. From the experiments of Colla-^"^^^ '' 
ix)N and Stuem, on what may be regarded as pure water, 
Sir John Hersciiel deduces the compression of this fluid, 
by one standard atmosphere, to be 0,000049589 = ^/ that 
is to say, an increase of pressure equal to that arising from 
a column of mercury having an altitude of 30 inches and 
temperature of 32° Fahr., will produce a diminution in 

the bulk of water equal to 



4 9 5 8 9 



lUOOUOOOOO 

voliune which it had before this increase. 



of the entire 



Deduction. 



§ 32. The quotient ^, arising from dividing the diminu- Measure of 
tion of volume, produced by the pressure of a standard ^^^'^^^^^y- 
atmosphere, by the entire volume before the compression, 
is the measure of comjyressibility. 



§ 33. The quotient obtained by dividing the compress- 
ing force, by the degree of compression, when not accom- 
panied by a permanent change in the molecular arrange- 
ment of any body, is the measure of the hodxfs elastic 
force. Denoting by jB, the standard barometric pressure. Measure of 



JD 

the elastic force E^ will be given by ^ = — . 

e 



elastic force. 



JA' 



§ 34. Let A B^ and CD^ be two consecutive strata of 
water, and suppose the stratum AB^ to 
have been suddenly moved by some 
disturbing cause to the position A! B\ 
Denote the distance BD by a?, and 
B^D by aj^, then, regarding the area 
of the stratum as unity, will the dif- 
ference of vohime between ABGD and -4'i?'(7Z>, be 
represented by a? — a?^, and the degree of compression 
referred to the original volume, by 




Illustration ; 



BB' 



X 



Degree of 
compression; 
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Compressing and the force ^, necessary to produce this compression 
^"** will, § 4, be given by the proportion 



X — X 



L ::J5:F 



X 



in which JS = g . D^^ . A, denotes the pressure due to a stan- 
dard atmosphere, being the weight of a column of mer- 
cury whose density is D^^ and height A. Whence 



its valae. 



B X — 
^ = 

' e X 



X. 



Combined But any stratimi of water situated below the surface 

^^^Mow ^^ already subjected to the pressure of the atmosphere, 

thesurfeco; and that arising from the weight of the column of the 

same fluid above it. Denoting this combined pressure 

by />, we shall have the stratum A' B\ and therefore 

C D^ since the resistance to compression arises from the 

reaction of the latter, urged forward toward EF^ by 

E^ + jp ; but the motion of CD is resisted by the pres- 

Moving force on sure^, whcuce the moving force becomes J^ +j9 — j9 = E^. 

AS aum, rp^^ ^^^^gg ^^ ^^^ Stratum OD will, §20, be 



Mass of a 
stratum ; 



D.x 



whence the acceleration due to the moving force, or the 
velocity generated in a unit of time, becomes, after substi- 
tution for 5, its value. 



Vfitodtjr 
g«nerat«d in a 
unit of time ; 



U. O'h'Dj, 1 X — x/ 
' —— ^___^— , • — • • 

Dx €' J) X X 



v.i«cityinan ^^^ *^^ Velocity v^ imparted to the stratum C JD^ in an 
u\^tmniaxy elementary portion of time t^ will be given. Mechanics, 
portion of tim*. g^ ^g^^ ^y ^^^ equation 
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g 'h* D.. t X — x. Itsvalue; 

V =z — . — . ■ 

6' D X X 



but, § 20, 



t 1 , V X—X, 

- = —, and ~ = •' 

X V V X 



which substituted above gives, §33, after clearing the 
fraction and extracting the square root, 



/ y TT— /~W — "Wave velocity Ii> 



and substituting the numerical values of ^=32,1808; A = 

3Qin. _ 2^5 5 ])^^ =z 13,598 ; and denoting by II^ what we Nnmoricaiyaines 
have before termed the co-efficient of barometric elasti-**^^^' 



city, we finally have 



^ , / 32,1808 .2,5.13,598 j^ apc^Ao. /^ Eesmting wav 

^=v-);oooo¥9kir.-2:^ ^''^-^-^'^^ 

in which D must be taken from the table given in §272, 
Mechanics, corresi)onding to the temperature of the 
water. If the temperature of the water be 38°,Y5 Fahr. 
D will be unity, and if we assume K = 1^ then will 

TT— AOC^/ka Velocity when 

V — 4:OyO,00. density and 

constant 
coeflScient are 

§ 35. A careful and doubtless most exact experimental each equal to 
determination of the velocity of sound in water was made °°"y- 
in 1826, by M. Colladon. After trying various means for Experiments of 
the production of sound under water, he adopted the bell, Coiiadon; 
as giving the most instantaneous and intense sound, the 
blow beim]: stnick about a vard below the surface bv 
means of a metallic lever. The experiments were made 
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. . . . (14) 



■v::'_:' :u:L'e than 



:": . -vl;-.-. riiAon at 
- ■ . v:-. : uiiirv, the 

■ 

:" :jv.'-:.\:rLtriiv being 
.■ '...:: sirv Jue to the 
■•■. :■;.'-! us ar i>nce the 
:" :::o ooofiiciont K j 
::■ , and equating the 
aoove, we have 
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Value of K; 



whicli differs but little from unity, and from which we 
infer that there is but little heat developed in the trans- 
mission of sound through water. And the experiments ^^f'^^e^co with 

^ ^ regard to liquids. 

hitherto made indicate that this is also true of other 
liquids. To find the velocity of sound in any liquid it 
will only be necessary to know its compressibility. A 
valuable table of the compressibility of different liquids 
is given by Sir John Herschel, in his Treatise on Sound, 
Encyc. Met., Vol. 1, p. 770. 

§ 38. In these experiments of M. Colladon, it was found Different tones 
that the sound of the bell when struck under water if o^ sound in 

water and air. 

heard at a distance had no resemblance to its sound in 
air. Instead of a continued tone, a short sharp sound 
was heard like two knife blades struck together ; it was 
only within the distance of about six hundred yards that 
the tone of the bell could be distinguished. 

§ 39. M. CoLLADON also found that sound in water does sound in water 
not, like sound in the air, spread round the corners of "®^*"^*^'*^ 

, around corners 

mterposed obstacles. In air, a listener situated behind a as in air. 
projecting wall or comer of a building, hears distinctly, 
and often with very little diminution of intensity, sounds 
excited beyond it. But in water this was far from being 
the case. When the tin cylinder, or hearing tube, before 
mentioned, was i^lunged into water at a j^lace screened 
from rectilinear communication with the bell, by a wall 
running out from the shore, and whose top rose above the 
water, a very remarkable diminution of intensity was 
heard in comparison with that observed at a point equally 
distant from but in direct communication with, the bell, 
or " out of the acoustic shadow?'^ 

The reason of this apparently singular phenomenon will -^co^^c shadow. 
appear further on. 



42 



Kxul:r 



1- 



ELEMENTS OF ACOUSTICS. 



45 



geneoiis medium becomes the centre of a series of con- 
centric spherical waves which proceed outwards with 
equal velocities in all directions. But if the elastic force ^®^"™ °®^ 

, , homogeneoas; 

and density of the medium vary in different directions 

from the place of disturbance, Equation (12), shows that 

the shape of the wave front will no longer be spherical. 

It will be elongated or drawn out in the direction along Wave front not 

which the elastic force is greatest and density least, and ^ * 

conversely. Like effects will arise when the elasticity 

and density both increase or decrease, but unequally. 



§ 42. Thus, conceive a solid 
whose density, estimated in the 
direction A C^ is represented by 
jD^, and in the direction AB by 
D^\^-\-c)\ and suppose the density to 
vary gradually from one of these 
directions to the other, and the law 
of this variation to be expressed by 



Fig. 17. 
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ninstrotioo; 



i? = i> ri + (? . cos <^) (15) Intermediate 

' ^ ^^' ^ ''density; 

in which D denotes the density in any intermediate 
direction as A J?, and (f> the angle which that direction 
makes with that of greatest density or with A JS, Also, 
let the elastic force in the direction A O \>q jE^, and that 
in the direction A B^ be measured by 



E. 



and suppose the elastic force, denoted by ^ in the in- 
termediate direction A Z>, to be given by the relation 



Elastic foice io 
direction of 
greatest density; 



E = 



K 



1 — C. COS (p 



(16). Same In 

intermediatn 
direction. 



Dividing Eq. (10), by Eq. (15), we find 
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to transmit the effect of a force applied at one end of a'"™®'*^^"^®^*^ 

, transmit the 

solid, or arrangement of solids, to the other. In iron, for effect of a force. 
instance, the effect of a push, pull or blow, will be propa- 
gated towards its point of action at the rate of 11090 feet 
a second after its first emanation from the motor. For all Examples ; 
moderate distances, therefore, the interval is utterly in- 
sensible. But Sir John EfeRScnEL remarks, that if the sun 
were connected with the earth by an iron bar, no less 
than 1074 days, or nearly three years, must elapse before sim and earth. 
the effect of a force applied at the former body could 
reach the latter. Yet the force actually exerted by the 
mutual gravity of the sun and earth may be proved to 
req[uire no appreciable time for its transmission. 



PITCH, INTENSITY AND QUALITY OF SOUND. 

§ 45. "We have seen that the velocity of sound, in the velocity constani 
same homo<xeneous medium, is constant ; and that the !° * 

o ' ? bomogeneoas 

particles in anyone wave, or set of waves, arising from the medium; 
same disturbance, all perform their revolutions in equal ^T*^^^"^^ , 

' * ^ independent of 

times. And hence. Equation (1), the waves flowing from the position ; 
same agitating cause are of the same length, no matter to 
what distance they may have been transmitted. Tliis* 
length of wave. Equation (1), varies directly as the time 
of revolution of a single particle. In proportion as this 
time is shorter, so will the wave be shorter, and in propor- 
tion as it is longer, will the wave be longer. And since Bnt varies 
the particles of the auditory nerves vibrate in harmony ^^^^^J^ ^ 
with those of the waves which agitate them, the number revolution of « 
of recurrences of the same condition of tliese nerves, in a p"^*^^®* 
given time, will depend upon the length of the waves. 
The greater or less number of these recurrences deter- 
inines the character of the sound ; in proportion as this 
number is greater will the sound be less grave or more Acuto and 
acute, and in proportion as it is less, will the sound be^^®^°°*^ 
less acute or more grave. This particular character of 
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caujse. 



Pitch. sound by which it is pronounced to be grave or acute, 

more grave or more acute, is called the Pitch, 
Time of fjj^g time of vibration of a sin^i^le particle in any wave 

revolution of a . . 

particle depends dcpcuds, §18, ujDOu tlic disturbing causc. The waves 
on (lif^turbing projected through the air by the sluggish vibrations of 
the coarse and heavy strings of the largest violins, called 
" double bass^'^^ are, therefore, long, and the correspond- 
ing sound is grave ; while the waves produced by the 
more rapid vibrations of the fine and tense strings of the 
violin proper, are shorter, and the sound is acute. In the 
latter case the pitch is high ; in the former low ; and hence 
the terms high and low notes in musical instruments. 



Short and long 
waves ; 



High and low 



notes. 



Wave length 
independent of 
excurbions of 
particles; 



Waves maybe 
eqnal in length 
M'hile the 
particles Iiave 
different 
velocities; 



Quantity of 
action in particles 
different ; 



Intensity or 
loudness; 



Examples, violin, 
piano. 



§ 4c6. A wave being once excited, the time of vibration 
of any one of its particles, and therefore the length of 
the wave itself, becomes wholly independent of the dis- 
tance to which the particle may recede from its place of 
relative. rest. But, in order that the time may not vary, 
those i)articles must move at the greatest rate which 
make the greatest excursions. Hence, there may exist 
many waves of the same length while the particles of 
one possess very different velocities from those of 
another. The quantity of action in each particle being 
equal to half of its living force, or equal to half the pro- 
duct of its mass by the square of its velocity, the par- 
ticles of air in these different weaves will assail the audi- 
tory nerves with very different efforts ; and this it is 
which constitutes the distinction we observe between two 
sounds of the same pitch possessing different degrees of in- 
tensity^ or, as it is usually expressed, different degrees of 
loudness. Thus, when the string of a violin or of a piano is 
drawn aside and abandoned to itself, it will vibrate about 
its position of equilibrium for some time, and finally come 
to rest. The sound, which at first is loud, gradually dies 
away, and ultimately ceases. But we only hear one con- 
stant jDitch as long as the string moves bodily to and fro. 
It is easily shown that the time of each vibration of the 
string is the same from the beginning to the end of the 
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motion ; the lengths of the sonorous waves impressed Constancy of 

upon the au* must, therefore, bo invariable, and hence 

the constancy of pitch. On the contrary, the distance by 

which the string departs from its place of rest in each 

vibration, gradually diminishes, and so does that of the 

aerial particles, whose motions are regulated by those of G«^«a^'iocayof 

the string ; this explains the gradual decay of the 

Bound. 

§ 47. Sounds may have tlie same pitch and intensity 
and yet be very diflferent. We never confound, for ex- 
ample, the sound of a trumpet with that of a violin, not- Q^nty^' sound; 
withstanding these sounds may have the same degree 
of acutencss and loudness. And this fact gives rise to a 
distinction of quality. 

Thus' far nothing has been said of the peculiarities 
which mark the mode of vibration of the elements of 
a sonorous wave ; whether, for instance, the particles 
describe elliptical, circular, or rectilinear orbits ; whether 
the planes of these orbits are perpendicular, inclined, or 
parallel to the direction of the wave propagation. Nor 
has it been necessary to discuss these particulars, since 
the velocity, pitch and intensity are wholly independent 
of these considerations. But while the amplitude and 
time of vibration of the particles of the auditory nerves, 
induced by different sonorous waves, may be the same. Determined by 
thus inducing a constant intensity and pitch, yet the cor-P^*^""f"*^**' 
responding sensations may derive a peculiarity of hue, so 
to speak, from the variations in the mode of molecular 
motions above referred to, sufficient to account for the 
distinction of quality. 

§ 4:8. To ascertain what length of wave corresponds to'^^^^^^'^^"^ 

,. i» i' 1 -i. 1 i. -L ^1 corresponding to 

our sensation 01 a particular pitcli, we must have the ^ certain pitch 
means of measuring the lengths of different waves. These determined by 

tho sirezi * 

are furnished in an elegant little instrument called the 
Siren / a device of Baron Cogniard de la Tour. In 
this instrument the wind of a bellows is emitted through 

4 
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ax:- ::.■■■. '.. i« 
nuitu- :■:■.■■• .-- .-. ^„^ 
tii:'^- -';:• "^". -'...'. ':. ': j-^-vS i^ s^j simared that the 

Ii'L-i !:.:... ■.>. - ■ ..-« '.:. r:.' 1 1 ^"OOr-rsiti-n over its 

^'TV!i ^:-' ;^:. >•.::..!: ".. .:: >;.i; -. ' til^ at the same 
t!:.iv <■' :..:". V : ■ " .. ' .. : ■---■ ■.!-: '.-.iz intervals be- 
TwVk': :* : :. ' -- : . :> :. - .: : ::_*:vro->'.t the air. If 
^■^••'^"■=;'- ■■ ^■•'' ri;0 :; L- '■:;■.:;. I ' '. . '.'\ "l.v c.::l.-zi of the current 
*•! ;i;" ;■.. '. ■■... , -:::....:.: :. y.:: :„v •r.ic m motion; 
it' 1 vv; .: !"v::':ir : ■ ^.. -Mr:„jv :: :::u-: le moved by 
wluvl V vx. -•• ».■■:.:■-■**.■: 1 :> :: :.:.-.'.. ■ir.te or retard the 
rut;i:i":i ;.: ;\'li-:::v'. TL. '/.'..'-:? IciiiL' iniiated and 
tho <l:-o I'l;: !:: r.:-. ::■:::. :\ 5:v-..-t ■.■: raiM :!:ipiihes are 
o>uuuu!iic;uotl t'.» tlie :^i:* i:: :V.:.: or" tl:j Lvles : and, 
Avhoii tho P'riUifTi is s:::::;:o:::>.- r;.- M. a r.iusical tone is 
jnvdiKV*! Avbj>o j^it<.li boO'.'Tixs :/. iv :ioi::o in proportion 
as the voL>oirv •»:' rvrar:.':i i:;o:v:i^v:-. To shViw that the 

■ 

Boiunvsmaybo jur of the holltnvs only ;;c:> ii^ a m:is- in Miotion to im- 
wstTvuirof pl'o^iS ov its hviiiiT t«^i\'v* <uoo :-?■?: vo ■'.••'vvs upou tiie ex- 
wator; tcnial air, the bellow? inav be ro'-hioed bv a reservoir 

of water, the hqiiid beinii: uudor >ut:ieiont head to cause 
it to Bpout through the holes of the dirC as they come 
Buccessivelj in front of the duct pipe ; tlie eflect is the 
same. 

Connected with the axis of rotation of the disc are a 
Btop-register, which indicates the number of revolutions, 
and a stop-watch, to mark the time in which these revo- 
■ ■■Vlntians are actually performed. The instnmient being 
put in motion and accelerated to the desired pitch, the 
register and watch are relieved from the stops, and after 
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the sound has continued for any desh-ed length of time, heading of the 

,-,, ... 1 -I .-,. .. /* di&I plates noted : 

the stops are again interposed, and a simple inspection oi 
the dial plates of the watch and register will give the 
time and number of revolutions. 

Xow, suppose the disc to be pierced with m holes, the 
number of revolutions to be 7i, and the number of seconds 
to be T, The number of impulses, and therefore the 
number of waves, will be m . ti ; and the number of waves 
produced in one second will be 



^ • ^ . Number of waves 

"J^ in one second; 



But these waves, generated in one second, occupy the 
entire distance denoted by Y^ the velocity of sound ; and 
hence, denoting by A, the wave length, we have the 
relation, Equation (8), 



ni . n 



^ . A = F = 1089,42 y\-\-{f- 32°) . 0,00208. Fonnnla; 



whence, 



1089,42 . r. v/l + (^ - 32°) 0,00208 ,.q. Valne for wave 

A = • • \P^)' length. 



Example, Suppose the revolving disc to be pierced with Example; 
100 holes, the time of rotation 20 seconds, the number of 
revolutions in this time 102,4, and the temperature of the 
air 84° Fahr. Then wiU 

m = 100 ; 7i = 102,4 ; r= 20'- ; t = 84% 
which in Equation (18), give 



1089,42.20. v/ 1+52. 0,00208 f- ^^^^ 

100 . 102,4 ~ ' 
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Kefiults of 
experiments; 
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thus making the length of the wave two and a quarter 
English feet, nearly. 

The results of the experimental researches of M. Biot, 
on this subject, are given in the following table : 



Number of vibrations Length of resulting ware 

in one second. in Englbh feet 

1 1091,34: 

2 545,67 

4 272,83 

, 32 34,10 

/ 64 17,05 

Table. I I 128 8,52 

^ A 256 4,26 

I § / 512 2,13 

I I j 1024 1,06 

1 1 / 2048 0,53 

I ° I 4096 0,26 

^ \ 8192 0,13 

« 

Lowest audible § 49. From thcsc experiments it has been inferred that 
pitch. |.|j^ lowest pitch audible to the human ear, is that pro- 

duced by a wave whose length is 34,10 English feet, and 
^ of which there are generated, in one second of time, 32 in 

Highest audible number ; and that the highest audible pitch is given by a 
wave whose length is 0,13 of an English foot, or about 
one and a half English inches, and of which 8192 are 
generated in a second. But in such experiments much 
must depend upon the ear of the experimenter ; we know 
that this organ differs greatly in different persons, even 
among those who are imconscious of any defect in their 
sense of hearing. Some have contended for a high pro- 
bability that a body making 24000 vibrations in one 
second, produces a sound which, to a jBne ear, is distinctly 
audible ; and M. Savart, by means of a rotary cog-wheel, 
Results vary with s<^ arranged that each tooth should strike a piece of card, 
experimenters, found that 12000 strokcs On the card in one second, pro- 
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duced a sound perfectly audible, as a musical tone of high Powers of the 
pitch. Although different authorities differ in regard to ' 

the powers of the ear, they nevertheless all agree in 
ascribing to them a limit. And thus, of the almost end- 
less variety of waves which must, from the existence of 
ceaseless sources of disturbance, pervade the air, our 
organs of hearing appear to excite the mind to impres- 
sions of those only whose lengths range within certain 
prescribed limits. Nor is this limitation peculiar to the 
ear. We shall have occasion, when speaking of light, to 
remark the same thing of the eye. We shall find that same tme forth© 
when, from too small or too great lengths, the waves of ' 
ether lose the power of stimulating the optic nerve to the 
sensation of light, they nevertheless do, when addressed 
to other organs, give rise to tlie further and obvious sen- 
sations of heat. And to what extent we are uncon- onr senses cannot 
sciously influenced by those agitations of surrounding ^^"^J^^^. 
media which fall beyond the range of the ordinary senses 
to appreciate, it would be out of place here to inquire. 

§ 60. There is nothing in the constitution of the The sensations of 
atmosphere to prevent the existence of wave P^ses ^^^^^^"^ 
incomparably shorter and more rapid than those of which -where ours end; 
we are conscious ; and we are justified in the belief that 
there are animals whose powers in this respect begin 
where ours end, and which may have the faculty of hear- 
ing sounds of a much higher pitch than any we actually 
know from experience to exist. And it is not improba- 
ble that there are insects endued with a power to excite, 
and a sense to perceive, vibrations of the same nature as 
those which constitute our ordinary sounds, yet of wave 
dimensions so different, that the animal which perceives such animals 
them may be said to possess a different sense, as^reemo^^^^^^^^ 
With our own in the medium by which it is excited, yet different sense. 
entirely unaffected by those slower and longer vibrations 
of which we are sensible. 
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DIVERGENCE AND DECAY OF SOUND. 

sTbTi^ur § ^1- ^^ 1^^^^ already stated, § 16, that when the pri- 

homogeneous mitive agitation of a medium is confined to a small sj)ace, 

™*^ ' the initial wave front is of a spherical shape, and we have 

seen, Equation (12), that the sound wave proceeds with 

equal velocity in all directions in wliich the density and 

elastic force are the same. In all liomogeneous media, 

the wave front will, therefore, retain its sphericity to 

whatever distance it may be propagated, and a sound 

And sound heard produced at a ffivcu poiut, as from the blow of a ham- 

equally in all "^ . 

directions; mcr, or the cxplosiou of gimpowder, will be heard equally 
well in all directions. 



Not true when 
density and 
elastic force 
vary; 



Illustrated by 
tuning fork; 



Fig. 10. 



§ 52. When, however, sounds proceed from a series of 
points situated upon tlie surface or face of a solid, the 
body of which iiiterj^oses to prevent the existence of 
equal density and elastic force in all directions from the 
points of disturbance, this equality of transmission in all 
directions no longer obtains. This is well illustrated by 
an experiment due to Dr. Youxo. A common tuning 
fork, a piece of steel, whose sliape is repre- 
sented in the figure, being struck sharply 
and held with its handle A a^-ainst some 
hard substance, is thro^vn into a state of 
vibration, its branches ^, ^, alternately, ap- 
proaching to and receding from each other. 
Each branch sets the particles of air in 
motion, and a soimd of a certain pitch is 
produced. But this sound is very unequally 
audible in different directions. When held 
with its axis of symmetry vertical and at the 
dista,nce of about a foot from the ear, and 
turned gradually about this axis, it is found 
that at every quarter of a revolution, the 
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sound becomes so faint as scarce- 
ly to be heard, the audible posi- 
tions of the ear being in planes 
E E and (9, perpendicular 
and parallel to the broader faces 
of the fork ; the inaudible, in 
planes E' E' and 0' 0\ mak- 
ing with the first, angles of 
45^ 



jp 



Fig. 20. 
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Andible and 
inaudible 
positions of the 
ear. 



§ 63. To resume the consideration of sound propagated Lo^^iness of 
from a central point. The intensity or loudness of sound sound 
is, § 46, determined by the living force with which the ® "° ° » 
particles of a medium in sensible contact with the ear 
act upon the auditory nerves. At the primitive point j^^^^^^^^.^^^ 
of disturbance the living force is impressed by the dis- force in elastic 
turbing cause, and is transferred from the particles of ™®*^*'^' 
one wave to those of anotlier without loss, provided the 
molecular arrangements of the medium in the j^rocess 
are not permanently altered. Mechanics, § 64, which is 
the case in all elastic media, such as the air and other 
gases when not confined. The sum of the living forces g^^j^^j.^..^^ 
of the particles in a wave must, therefore, be constant, forces of paniciea 
to whatever distance the wave be propagated, and ecpal J^nstlut^ 
to double the quantity of action expended by the dis- 
turbing motor. The living force of any single particle 
is equal to the product of its mass into the square of 
its velocity, and from the nature of the wave, §16, the same true for 
hving forces of all the particles on any spherical sur- ^"^ '^p^^^"*^'"^ 
face whose centre is the point of primitive disturbance 
must be equal to each other ; for tlie velocities are equal, 
and the medium being of homogeneous density, the masses 
of the particles have the same measure. 

Denote by R the radius of any spherical surface in-iuustratioD; 
termediate between the interior and exterior limits of 
the wave in any assumed position, by n the number of 
particles on tlie unit of surface, then will the number 
of particles on the entire sphere be 
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I • ■ • ' I'f^ ' 

::i V.:.! j^ T <! :: 'r-.-s th : vi-VcIrr e:-=inioii to all the pa^ 
t: ", -. 1.:. : ?u t:--: i:-:^.*-: •.: & ?:i^ie f-article- 

F'./ ii:. *!.::• -:/'i:r:::J -urzlijr. •^l::*e radios is jff*, and 
th.; «:'.»:u::.o:i v<;I'.<:i:y «,.i' wi::»?c j-articles is T^', we will 
luivc 



8«„,.. for another 71 . 4 77 7?'^ . Wl V'. 

tplioiii-ul furfjce; 

Xow, if tlic^o ^2'*' '^'^'"1 surfaces t^ccupy the same rel»- 

tivo i»h:oo? ill tl.j wavo in any two of its positions, be 

HM,,,-. i\.r,M. ^1^^'ii* ili>ranoes fivni tlio c>:-ntre of disturbance ever so 

"'I'"'. ililU'ivJit, tluso livin:: fjrccs must, from what is said 

iiliovo, l>o oiiual ; wLonco wx have, after dividing out 



I 'lllH |lf|lll<lll>^ , 



A»i . ,n V^ = R^ .m F'« 

nr n^milxin*;; into a pivportion 

1 



iih 



r» : m T' :: ~ ' 



li^ ' R* 



Uuicnnit; That, is \o say, (he intctmtif of sound varies inversely 

as (he square of (he iIU(anee (o which it is transmitted. 

Again, the i)artiolos describe their orbits in equal 

tiiUL^s ; their greatest velocities will, therefore, § 16, be 

proportional to their greatest displacements, and the in- 

Bole second. tensity of sowid to the squares of these same disj>lace» 
ments. 

§ 54. The greatest distance to which soimds arc audi- 
ble does not admit of precise measurement. It depends 
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principally upon tlie absolute intensity of the sound itself, sonnd heard 

sr r ,/ r ^ ./ ^ ^ farther in donso 

the nature of the conducting medium, and the delicacy media; 
of hearing possessed by individuals. Generally speak- 
ing, a sound will be heard further, the greater its ori- 
ginal intensity, and the denser the medium in which it 
is propagated. 

The greatest known distance which sound has been Greatest known 
carried through the atmosphere is 345 miles, as it is <i»stance in air; 
asserted that the very violent explosions of the volcano 
at St. Vincent's have been heard at Demerara. Sound an^j loader on 
travels further and more loudly in the earth's surface «^^^'s surface 
than through the air. Thus, for instance, in 1806, the 
cannonading at the battle of Jena was heard in the open 
fields near Dresden, a distance of 92 miles, though but 
feebly, while in the casements of the fortifications it was 
heard with great distinctness. So also it is said that 
the cannonading of the citadel of Antwerp, in 1832, was ^"^^"^J 
heard in the mines of Saxony, which are about 370 
miles distant. 

When the air is calm and dry, the report of a musket ^^p^^^ <>' » 
is audible at 8000 paces ; the marching of a company ' 

may be heard on a still night, at from 580-830 paces 
off; a squadron of cavahy at foot pace, 750 paces ; trot- ^^''^ii of cavalry; 
ting or galloping at 1080 paces distant ; heavy artillery, of artuiery. 
travelling at a foot pace, is audible at a distance of 660 
paces, if at a trot or gallop, at 1000 paces. A power- 
ful human voice in the open air, at an ordinary tem- 
perature, is audible at a distance of 230 paces, and°°°^^***®^ 
Captain Parry tells us that in the polar regions a con- 
versation may be easily carried on between two persons 
a mile (?) apart. 
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MOLECULAR DISPLACEMENT. 

To find the § 55. Let US now seek an expression for the distance 

^rfromite ^f ^^y molecule from its place of rest, at any time, dur^ 
place of rest at ing tlic trausmisslou of wave motion. Tliis displacement 
any Instant; obviouslj dcpcuds upou tlic intensity of the disturbing 
cause, the distance of the molecule under consideration 
from the place of primitive distm*bance, the velocity of 
wave propagation, and the time elapsed since the primi- 
tive disturbance was made. 

Disregarding, for the present, the diminution of the 
amplitude of vibration due to the loss of living force 
in the successive molecules as we proceed outward 
Supposed from the source of sound, let 

dMacementof A \^q ^\^q p^ij^t of primitive ^^' ^ 

an assumed i -n .1 ^ 

particle; disturbance, and ^, the place 

of rest of any assumed mole- 
cule. Denote by a?, the dis- 
tance of JB from A^ and by V 

the velocity of wave propagation. At the expiration 

of the time ^, after the instant of primitive disturbance 

at A^ let the wave front be at TF", and the molecule at 

B^ be disturbed by the distance B h. The distance of W 

from J., will be F. t. 

Consequent Now, from the nature of the motion transmitted, any 

another™*^" ^ Other molcculc wliosc placc of rest is (7, beyond J?, must 

experience an equal displacement C c^ at the expiration 

of the time t + t\ which is as much in excess over the 

time required for the wave front to reach (7, as the 

time ^, was over that required to reach B. In other 

words, the displacements must be equal for successive 

molecules whose places of rest are at equal distances 

behind the wave front ; and hence the displacement 

aUiUi'Wuu of the must bc a function of this distance, that is, of V.t — x\ 

distance v.t-v, ^j^^j denoting the displacement by d^ we may ^vrite 
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d ^ JP" {V.t — X)', Firstvalueof 

displacement. 

in which i^, denotes the form of the function to be em- 
ployed. 

Moreover, from the definition of a wave, the nature function 
of the function J^, must be periodic; that is to say, jt^^"*^^*^* 
must, within a given interval of time, i)ass through all 
its possible values, and resume and repeat these values 
in the same order dm*ing the following equal interval 
of time. This is a property j^ossessed by the circular 
functions, and hence we may write the above 



y sin r 2 fli' . Zll_^l Itsfonn; 



in which 2 tt, denotes the circumference of a circle whose 
radius is unity, and y the radius of the small circle of 
which the sine of some one of its arcs will give the dis- 
placement sought. The radius y, is equal to the greatest 
displacement of a molecule in the same wave ; for, a simple 
inspection will show that the function takes its maxi- 
mum value when the quotient. 



V,t—X When a 

^ J maximum; 



becomes equal to one-fourth, or to any odd multij^le of 
one-fom'th ; the value being in that case 

y . sin 90°, or y sin 270°, or y . sin 450, &c. = y. Maximum vaiuei 

But the intensity of sound diminishes as the square of i^a^ of variation 
the distance from its source increases ; and the intensity ^J^j!°'"^ ""^ 
being directly proportional to the square of the greatest 
displacement, § 53, if a, denote the radius of the small 
circle at the distance unity from the source of pi'imitive 
disturbance, we have 
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Expression of 
tho law; 



^ : — ■.la' : y' = — 



(1) 



X' 



X' 



or 



Radios of the 
circle whose sines 
give tlie 
displacements; 



Second valae of 
displacement; 



a 

y ^ 'Z' 

X 



which substituted for y above, gives 



d = -.sin [2^ . 
X L 



F. i-x 



] 



Tlie quantity V, t, denotes the linear distance of the front 
of the wave or -pulse from the source ; Y,t — x^ the dis- 
tance of the molecule's place of rest from the wave front ; 
and when this distance contains the length A, either a whole 
When it is zero; number of timcs, or a whole niunber of times plus one- 
half, d becomes zero. When the remainder, after the divi- 
sion of F.^ — a?, by A, becomes j or J, &c.,.the value of d 



When a 



a 
becomes —5— its maximum value. 

X 

K the arc 



2 7r. 



V.t-x 



Arbitrary 
qoantity; 



be increased by an arbitrary quantity A^ it is plain that 
we may assign to A^ such a value as to cause any given 
displacement, and therefore the maximum displacement, to 
occur at a given j)lace and time. Introducing this arbi- 
trary quantity, we finally have the general equation 



Final value of 
displacement; 



^ = ^-sin[2 7r j^+ Aj • • .(19) 



in which — , determines the intensity of the sound; A, its 

X 
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pitcli ; and A^ the particle whose place of rest is at a dis- Meaning of the 
tance x from the source, to have any particular displace- ^'^ 
ment at the expiration of the time t 



INTERFERENCE OF SOUND. 



§ 56. We have seen, in Mechanics, that a body may be Body animated 
animated by two or more motions at the same time ; that ^^^^^^ ™**'^^ 
the ultimate result of these motions, as regards the body's 
position, will be the same as if these motions had taken 
place successively ; and that one or more of these motions 
may be destroyed at any instant without affecting in any 
wise the others. These coexistent motions, estimated in any 
given direction, become, as it were, superposed upon each coexistence and 
other, and when very small, give rise to a principle known superposition of 

,-, ,, . , -f 'j • /» n >' y) small motions; 

as the " coexistence ana superposition oj small motions / a 
principle most fruitful of results in sound and light. By 
it we are taught that when the excm'sions of the parts of ^wiiatit teaches; 
a system from their places of rest are very small, any or 
all the motions of which, from any cause, they are suscep- 
tible, may go on simultaneously without disturbing one 
another. 

The truth of this important principle will appear from its truth 
its application to the particular case in question. 

It has been shown, §4, that when a molecule of any 
body is very slightly disturbed from its place of rest, 
as in the case of sound, the forces exerted upon it by the 
BTirrounding molecules give rise to a resultant whose in- 
tensity is proportional to the amount of displacement. 
This displacement may arise from the action of a sin- 
gle or from several causes operating at the same time ; 
but in every case, the expression which gives the value 
of the resultant action must be a function of those which 
express the values of the partial actions, and, like each Explanation; 
of these latter functions, being proportional to the dis- 
placement it is capable of producing must, as well as 
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n, :.-• )>f Imfcar; 



rar;.'.i,.'i^w<iiMtli(- ]>iirtiiil functions, l)e linear. In any sucli function, 
if w(; attril>uto a sliglit clian<j^c to one of the disturbing 
causes, the corresponding change hi the disj^lacement 
must l)e proportional thereto; and whether the change 
in all the partial causes, or in the functions which 
measure them, he sinndtaneous or successive, the final 
result will he the same ; for, the change in the entire 
function in the first case nnist be equal to the algebraic 
Bum of the partial changes in the second. To those fa- 
miliar with the calculus, it Avill be suflScient to say, that 
the first power of the total differential of the sum of a 
munl)er of functions, is always equal to the fii*st power 
of the sum of the partial difterentials. 

AVe conclude, therefore, that the fmiction which gives 
the displacement may be broken up, so to speak, into 
several partial functions equal in number to that of the 
disturbing causes ; that these partial functions will be 
similar to each other and to the entire function; and 
that this latter will be equal to the algebraic sum of 
the former. 



Conclusion; 



Fig. 28. 



IlIn«<jation; 




§ 57. To illustrate : 
let the straight line 
A Jij be the locus of a 
series of molecules in 
their positions of rest ; 
the fine waved line 
ah^ that of the same 
molecules at a particu- 
lar instant of time, when • disturbed and thrown into a 
wave by the action of some single cause ; and the waved 

Partial waves; line a' i\ that of the same molecules at the same in- 
stant had they been thrown into a different wave imder 
the operation of some other insulated action. If these 
disturbing causes had acted simultaneously, the locus of 

constrnction of tlic disturbcd molcculcs would be represented by the 
heavy waved line 2l J^, constructed in this wise : At 
the various points of the line A B^ erect perpendiculars 
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and produce them indefinitely; lay off from AB^ on Resultant curve; 
these perpendiculars, distances equal to the sum or dif- 
ference of the corresponding ordinates of the component 
curves, according as these cm'ves intersect the perpen- 
diculars on the same or on opj)osite sides of the line 
A B^ — the points thus determined will be points of the 
resultant cm^ve, which will give the law of displacement 
at the instant of time in question. "Were there three, same for throe or 
four, &c., component curves, the resultant cm-ve would ^^p^^^^^tg 
be deteiTnined by the same rule. 

§ 58. Takino^ it, then, as a fact, that the disturbance „ ,, , ,.. 

J^ & 5 ? 7 Eesultant action 

of every molecule produced by the coexistence of two of two equal 
or more causes will be the alo-ebraic sum of the (Jig. ^^^vesona 

^ particle; 

turbances which they would produce separately, let us 
consider the nature of the displacement produced by 
the superposition of the action of two waves of the 
same length on the same molecule, the waves being 
supposed to come from any directions whatever. 

We shall have for the displacement of the molecule 
by the first wave, Eq. (19), 



~X ' I ' X "T"-^ I ' ' * \^^) Displacement by 



and by the second, 



d'' = ~' . sin [2 TT . 
X L 



F. t-x 



+^"] ; 



in which al and al\ 
determine the intensi- 
ties of the sound in 
the two waves at the 
unit's distance ; and A* 
and A'\ the places of 
the maximum displace- 
ment at the expiration 
of the time t. 



Fig. 22. 



the first wave; 



(21) 



Same by the 
second; 




mastiation; 
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Operations Taking the sum, and developing the circular function 

by the usual formula for the sine of the sum of two 
arcs, we find, after reduction, 



Sura of 



^"™ ^^ ^, . ^M («' cos ^' 4- a" cos A") . To ^ K^aj-l , (o' sin A' + a" sin A") ^ T r.t-col 
displacements; d'+a'J' ^^ ^ sinL2 t. -5;-]+^^ ^ ^.C08L2».-jpJ. 

and making, 

Supposition; d . COS A = a' COS A' + a" cos A'\ ... (a) 

a . sin J. = a' sin J.' + a" sin J.", . . ; (}) 

Notation; ^^xq abovc bccomes, after writing d for the total displace- 
ment, 

Total , « r A ' U ^' t—x\ , ' A fci V. t-xW 

displacement; d= — COS J. . SlU (2 TT __ j + SlU^ . COS (2 TT — ^^ I J i 

replacing the quantity within the brackets by its equal, 
viz. : the sine of the sum of the two arcs, we have 

Same; ^ = - . siu [2 'n' . Y^ + a] ... (22) 

XL X J 

Squaring Equations {a) and (5) and taking the sum, we 
find, 



Transformations; 



a^ = a'3 + ^"2 + 2 a' a'' cos {A' -A') ... (23) 



and dividing Equation (5), by Equation (a), we obtain 
r* A u . A «'.sin^' 4-cj".sin^" f^.. 

Eednctions; tan ^ = ^rrn T, TTl • • • • (24:). 

a . cos A + a\ cos A 



From Equation (22) we see that the length of the 

Conclusions; resulting wave is the same as that of the partial waves; 

but the value of A in that equation difiering from A\ 



\ 
\ 
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and A\ Equation (24), sliows that the maximum dis-*^"™®®' 

fi 'TIT 11 maximmn 

placement for a given molecule does not take place displacement in 
with the same value of ^, as for either of the compo- ''*^'^^**°^^»^«« 
nent waves. 

The maximum displacement — , which determines the 

intensity of the sound, in the resultant wave, is given by 
Equation (23) to be 



- = 1 . ^ AJ^^^a"^ +2aV.cos(J.'-^") . 



which depends upon the arc 
A — A!\ Its greatest va- 
lue is obtained by making 
A! — A!' = 0, in which case 
we have 



Fig. 23. 




(2o) General value of 
this 
displacement ; 



"When this valae 
is greatest; 



a_ _ a' + a" 



' Greatest value; 

a 



its least value results from 
making A' - A" = 180°, in 
which case 



a 

X 



a — a 

X 



Fig. 24. 




When this yaloe 
is least; 



Least yalae; 



In the first case Equation (24) gives 

tan^= (^^ + a'") . sin A' ^ ^^^ ^, 
(a' + a''), cos J.' 



= tan^"; 



First case; 



whence A^ is equal to A\ and to A'\ and the maximum Conclusion; 
displacement will occur at the same place and at the 
same time in the resultant wave, and in both compo- 
nent waves. 

In the second case, if we substitute in Equation (24) 
A' = 180° + A'\ we find 



G 
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(;<mcliiHi'm; 



lliiit is, .1 is oijual :•• ■::•.' at least of the arcs A' and 
-1", jiuil tho ::iva:^>: ..!:-: Ir.oeinont in the resultant wave 
will occur at x\w -a::.,:- vlajo and time as in one of the 
coinpoiient waves. 



iiitwiifyof J5 ;V,>. If tlu^ i!;tc:is::v of 

""""• ""''r'*' simiul in tho o. ■::.:- r.-.r 

M|lilll III ^ ~ ^ 

niMiiiK)ii«)iit waves ho siH'p.'ScvI o»/.;:il a: 
wwvi^it; iIj^, plaoo of si:j v-rvr^iti-.-r.. 

thou will tf* = tj . ar.'i K ;. 



F^«L 



(^*jr)) boOvMUOS 




('(iiitii'ipirnro; 



(7 






C>j^ 



A -A 



(26) 



l!i><luotTon; 



Vnluo of 
nrl'ltrury 
rotiHttint ; 



auil Kv[uativMi ^'_!4'» roJuoos to 



tan .1 ^ 



siu A' -5::- J" ^ A' + A'' 

^ . = tan , 

COS ..1 — o.s Jl 2 



or, 



.1 = 



.1 - JL" 



When A' — ^1" = 0, rhor. ^vill Eq. •26') s^ye 



(27> 



SupiKViitiun ; 



^ = -.^L, and ^1 = JL* = A'' 



X 



X 



Illustration. 



that is, the intensity vf souiid 
in the resultant wave is quad- 
ruple that in either of tho 
equal component waves ; and 
the greatest disphicouieiit 
will occur at the same time 
and place in the component 
and resultant waves. 



RS.2«. 




J— A 
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lia' and a'' continue equal, and we make J.'— ^"=180°, supposition ; 
then will Equation (26), give 



- = o; 

X 



/c\/y\/ Consequence ; 
(2b). 




or in words, one of the equal siience 

sounds will destroy the other. ^^^' ^' p ^ . 

Thus it appears that two 

equal sounds reaching the 

same point may be in such 

relative condition that one 

will wholly neutralize the other, and the two produce 

perfect silence. This t)henomenon is called the Inter- interference of 

/» on sound, 

jerence of sound. 

With any other values for !4' and A'' than those which 
give A' - J." = 180 or 0% Eq. (26), shows that 



a ^ 2a' 

- < — ; 

X X 



Besult of partial 
coincidence of 
two sound wavea 



that is, the sound in the resultant wave is less than quad- 
ruple that in either of the equal component waves. 

§ 60. To ascertain the precise relation between two conditions that 
equal waves, which will cause one to destroy the other, equal waves to 
make, in Equation (20), 



neutralize eacli 
oUier. 



A' = A" ± 180° = A" ±* 



and v>e have 



d' 



= - sm [2c 



V.t-x 



+ A" ± 



']• 



but 



TT = 



2'n-.X 

2.x 



Transformations ; 
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and this substitutei.t at>:'ve, the ejuation becomes 



Besnitant 
displacement; 



a= — . sm 

X 



I't, 



F.^-. 



i^+^"] 



Conditions in 
words. 



WIUMI WMVVIt 



Fig: 27. 




which becomes ulentical with 

Equation (21) bv writing 

ar, for x zp \K That is to 

say, one wave will destroy 

another of et/ual length and 

intensity^ provided the jirst 

he in advance or in rear of the setxmd. hy half the 

length of the icave, Aiul slnc«3b the retardation of a 

whole leuiTth of a wave, two whole lenc^ths, three whole 

lengths, Ac, pnxluces no alxeration in an undulation, it 

is obvious that a retan^Iation of — 



o 



^ O ^ i ^ C •Tl 

, , ,ccc., will 



piWueo the same effect as a retardation of — : and thus 

2 

two waves will destroy each other if the maxima of vi- 

brat ion bo the same, the waves be of the same length, 

and transmitted in the same direction ; provided, one 

folU>w the other by one half, three halves, five halves, &c., 

o( a wave length. If the waves do not proceed in the 

iutvin»uM>niy »t samo direction, they will interfere only at the point of 

union, the alx>ve conditions bemg lulnlled. 



lhi4>o III' mtuv 



^ r> I . 'Hie Siimo process of combination may be ap- 
pliod ti> three, four, &C., waves of equal lengths. Thus 
lot there bo the Equations 



' = - sin [2 <x 
X L 



V.t-x 



+ A'] 



\i.\\\\i\\[\^wk 111 Im 



(i"=^'sin [2 
X L 



V.t-x 



^■A■] 
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adding these, developing the 
sine of the sum of the two 
arcs within the brackets, col- 
lecting the common factors 
and denoting the resultant 
displacement by d^ we have 



Fig. 28. 



Operations 
perfonned; 




niastration; 



(t= — cos J..sm2*. 1 smJ..cos2fl' , 



Besultant 
displacement; 



or 



d = 



= ^. sin [2^ 
X L 



V.t-x 



+ ^]; 



The same; 



in which 



acos ^ = a' cos A' + a" cos A" + a'" cos A'" = X 
a mi A =^ a' sin A' + a" sin A" + a'" sin A'" = Y 



a = 



Y 



=.y/ZHT^ tan^ =-^ . 

§ 62. Although it is possible for two waves of sound, 
whose lengths are the same, to neutralize each other, it is 
not so when the 
waves have un- 
equal lengths; 



Notation. 



Fig. 29. 




Two unequal 
waves cannot 
neutralize each 
other; 



for, Eq. (22) 
was deduced 
by making Y 

and X the same in the two component waves^ the sum 
of d' and d" being in that case reducible. K these con- 
ditions were not fulfilled, this sum would not be reducible, 
and there would be the two arcs 



niustration; 
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Explanation ; 



X' ' X ' 

in the final value for d^ with different coefficients, which 
could not be made equal to zero at the same time. The 
values of V^ will, to be sure, be the same in any two 
waves of sound, but this need not be so with those of.X ; 
and in waves which produce light, in which subject we 
shall have most occasion to refer to the doctrine of in- 
terference, the values of V^ as well as those of \ may 
differ. The discussions of waves of different lengths may, 

respecting 

unequal waves; therefore, bc kept perfectly separate, as the combined 
effect of such waves will be the same as the sum of 
their separate effects, without the possibility of their 
destroying or modifying one another. 



Conclusion 



NEW DIVERGENCE AND INFLEXION OF SOUND. 



Any di»turbod 
partlolo oauscs 
sul>so»iucnt 
dUurbunco in 
another; 



Pftuio tnio for all 
piirlit'lcs in a 
wave front; 



lUiist ration; 



Fig. 80. 



§ G3. W"e have seen that every disturbance of a mole- 
cule at one time is truly a cause of distm^bance of an- 
other molecule at some subsequent time. All the mole- 
cules in a wave front become, tlierefore, simultaneously 
centres of disturbance, from each one of which a wave 
proceeds in a spherical front, as from an original dis- 
turbance of a single molecule. Thus, 
in the wave front AJB^ a molecule 
at X becomes a new centre of dis- 
turbance as soon as the wave front 
readies it ; and if with a radius 
equal to Y,t a circle be described, 
this circle will represent a section tJ 
of the spherical wave front proceed- 
ing from Xy with the velocity F", at 
the end of the interval of time de- 
noted by t. And the same being 
true for the molocules x\ x'\ &c., of the primitive 
wave, there will result a series of intersecting cuxjles 
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i-.avina: equal radii, and tlie larger circle ^' ^' constmction of 

o i. 1 o ^ ^ ' resultant wave 

tngent to all these smaller circles, will obviously be a front; 
• .MJtion of the main wave front at the expiration of the 
iterval t^ after it was at A B^ Any molecule situated 
.t the intersection of the smaller circles will obviously 
)e agitated by the waves transmitted to it from mole- i^es^itant 
3tiiles at their respective centres; and the resultant dis-^i^p^a^^c'^e^*®' 
placement will, § 55, § 56, be the algebraic sum of the 
displacements due to each when suj)erposed. 

Hence, to find the disturbing effect of any wave upon 
% given molecule at a given time, divide the wave into 
tf numher of small parts^ consider each part as a centre 
pf disturbance^ and jmd Try summation the aggregate of 
nM the disturhances of the given molecule hy the waves 
coming from all the jpoints of the great wave. 

The cause which makes the disturbance of a smgle 
molecule at one instant the occasion of the simultaneous 
disturbance of an indefinite number of surroundiuiy mole- , ^ " 

° Principle of new 

cules at a subsequent instant, is called the principle of divergence 
new divergence^ of which frequent use will be made instated; 
the subject of light. 



jH'mQi 



|.]lll|Mmi,ll|l|,'l.ll!llll|l)pjy. 



§ 64. Let us trace the consequences of this principle ^^ application t«s 
in its application to the passage of sound through aper- sound thrmigu 
tures and around the edges apertures and 

/. T . , rn 1 i» Fio- 81 around corners; 

01 objects. Take a parti- °" ' 

tion M N^ through which 

there is an opening A j5, 

and suppose a spherical 

wave of sound to proceed 

from a centre 0. Only that 

portion of the wave which 

comes against the opening 

can pass through, and the wave front on the opposite 

side of tlie partition will be found by taking the diffe- ^^'"^^*^^°* 

rent points of the segment A B^ within the opening as 

centres, and radii equal to V, t^ and describing a series 

of elementary arcs, and drawing a curve tangent to them 
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Explanation an^ 
construction ; 




Sonnd that is not 
reinforced by 
particles from tlie 
primitive wave; 



Sectors wherein 
the sound is due 
to superposition 
of waves from the 
edges ; 



Intensity 
increased by 
coincidence ; 



Decreased by 
interference. 



Points taken 
between tlie 
edges; 



all. That portioif of this tangent curve included be- 
tween the lines CA' and 
C£\ drawn from C, and 
tangent to the limits of the 
opening, will obviously be 
the arc of a circle having G 
for its centre. The elemen- 
tary circles described about 
the limits A and JS as cen- 
tres, cannot be intei'sected 

at points exterior to the angle A' C B' by those described 
with equal radii from points of the wave front lying 
between A and B ; the wave front within the angles 
A A M and B' B iV^, will have their centres at A and 
B resj)ectively ; and the sound proceeding from these 
points will be diffused over the arcs A' M and B* N 
without reinforcement from molecules of the same primi- 
tive wave. 

But other waves from C reaching the opening in suc- 
cession, a spherical wave diverging from J?, and of which 
the radius is B (9, will be overtaken by a subsequent one 
from A^ having for its radius A ) so that, the intensity 
of sound in the angle A' A Jf/' will result from the super- 
position of the disturbances from B and A. The same 
will be true of the sector B' B N. 

Now, \i B — AO^\y^ equal to X, 2 X, 3X, . . . n\ in 
whicli n is a whole number, tlien will the intensity of the 
sound be increased above that due to either of the com- 
ponent waves. But '\i B — AO^ be equal to ^X, |X 
. . . . (;i + I) X, n being still a whole number, the compo- 
nent waves will interfere at (9, and the intensity of the 
sound will be lessened at that point by the prevention 
there of the disturbance due to either of these two 
component waves. 

Taking another molecule B^^ nearer to A^ the wave 
from B^^ will interfere with the wave from A^ but at 
a point 0^^ nearer to the partition, in order to pre- 
serve the difference B^O^ — A 0^^ the same as before, 
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to wit, (?i + ^) X. Assuming other poinfs in succession construction; 
nearer to J., we shall find the interference to take 
place at molecules still nearer to the partition ; and 
finally, when we come to a molecule Qj in the main 
wave front whose distance A Q^ from A is equal to 
(?i + \) X, the interference will occm' at a molecule situ- 
ated against the partition at P, 

Js'ow, making n = 0, in which case A Q will equal 
\ X, and api^lying 

, ^ A . Fig. 82. 

\ X trom a to a^ , '^^ 

ihc^ wnvp<5 frnm n ^ ale a.h. e, n- a : Illustration; 

uie Wciveb II om a >i!i-n.i,.>.i,,.ii'.||^ • ■ ^ — ■ ■ • ^ ■ — jtn.».!...a.ii ■■;■■■-.. 1 

and (2^, will inter- 
fere at P, Applying | X, from J to 5^ , the waves from 
h and h^ will also interfere at the partition ; and in the 
same way it may be shown that all the partial waves 
Yrom molecules in the distance A Q^ will interfere with 
those from the molecules in the distance Q D^ QD 
being equal to A Q, Commencing the same process at Dy 
we see that the opening may be such that on applying 
^ X from a' to a\ , this latter point a\ may be in the posi- Explanation of 
tion from which there can be no new divergence to inter- ^^^^^' 
fere with that from a' ; and the same for the whole of 
the arc D B^ of the main wave. This latter is, therefore, 
left, as it were, undisturbed, and sound from it may or 
may not be audible at P, depending upon the extent of 
this arc and the intensity with which the sound reaches 
the opening. 

The distance ^ ^ is equal to \ X. But X, we sound heard at 
have seen, § ^8, varies with the pitch, whence the sound p^^"^" depends 

" ^ ' on pitch, and size 

heard at P, will depend upon its pit^h and the size of opening. 
of opening through which it may pass. 

§ 65. From what precedes we see that at the line Acoustic shadow 
A (?, Fig. 31, there begins, as it were, an acoustic shadow^ ^^ 
which deepens more and more as we approach the 
partition towards P, where the soimd becomes least ^^®^®° ®' 
audible. This bending of sound around the edges of an 
opening is called the Inflexion of sound. 
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Case of sound 
bending around 
corners; 



Explanation; 



No perfect 
neutralization ; 



Grave sounds 
more audible 
than tlic acute ; 



§ GG.Wlicn the opening is continued indefinitely in one di- 
rection only, we have the case of sound bending around a cor- 
ner. But when the open- 
ing is continued indefinite- ^^ ^ 
ly in one direction, there •''i 
can be no arc of the main 



iiaiiiinii«iiiiHiir.Biii 



5 Q J9 S M,JLJk. 



wave as D j&, (last figure), without a corresponding arc 
D^ B^ , further on, to neutralize it in part at least by 
interference, and hence, were the component sounds of 
the same intensity at the point of superposition, they 
would produce perfect silence, and no sound could be 
heard at P, 

The sound from the main wave is of the same intensity 
throughout on reaching the corner ; the new diverging 
waves leave their resi)ective centres, which are distri- 
buted along the front of the main wave, with equal 
intensities ; they can only interfere after having travel- 
led over routes which differ by |X; the intensity of 
sound varies inversely as the square of its travelled dis- 
tance ; aTid the intensities cannot be equal at the places 
of interference, and therefore can only partially neutralize 
each others' eftects. This is shown by Equation (26)', in 



a 



which — is zero, only because a?, under the conditions 



X 



Case of little 
inflexion. 



there imposed, is the same denominator for a* and a". 
In sound, X varies, as we have seen, § 48, from a few 
inches to many feet, and as the difference of intensities in 
the interfering waves will be greater as X is greater, the 
graver sounds would be heard, under the circumstances 
we liave been considering, more audibly than the more 
acute. If the lengths \ were insensible in comparison 
with the route travelled, there would be but little in- 
flexion ; since, in that case, the intensities of sound in the 
interfering waves would be sensibly the same, and it 
would require but a slight obliquity from the direct 
course of the main wave to make a difference of route 
B — A 0^ Fig. 31, equal to W necessary for one wave 
sensibly to destroy the other. 
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An auditor placed behind a wall 
at Pj would hear the bass notes 

^ -I T /» • 1 • J. O Person behind a 

from a band of music playmg at a ^ ^^h listening to 

position A on the opposite side, much p E^li^ * ^^"^ **^ ™"^'*^ • 

more distinctly than the acute notes. 
At P, the notes of the tuba, for 
instance, might be heard distinctly, 
while those of the octave flute would 
be lost to him. In passing from the 
position P to (9, he would catch in 
succession the higher notes in order of the ascending 
scale, and finally, when he attained a position near the position whence 
direct line A (9, drawn from j4, tangent to the corner, he »" t^© 
wopld hear all the instruments with equal distinctness, if equally audible. 
played with equal intensity and emphasis. The facts 
and explanations here given have an important applica- 
tion in the subject of optics. 

If we suppose the lengths of sonorous waves propagated 
throuijh water to be much shorter than those throuo;h the 
air, we have here a full and satisfactory explanation of 
the phenomenon observed by M. Colladon, mentioned at 
the close of § 39. Indeed, taking the acoustic shadow Foregoing 
there referred to as established, it must follow as a conse- *^*^'^"^^'^"* 

' conformable to 

quence, from the principle of new divergence, that the experiments 
lengths of the sonorous waves in liquids are shorter than 
in au\^ 



REFLEXION AND REFRACTION OF SOUND— ECHOS. 

§ 67. There is no body in nature absolutely hard and 

'^ ^ "^ •^ ^ Disturbed 

inelastic. "Whenever, therefore, the molecules of a vi- particles of one 
bratinor medium come within the neutral limits of those ^^^ agitate 

/» . n n 1 n t those of another, 

fornung the surface of any solid or fluid, they will and transmit a 
agitate the latter with motions similar to their own, and i*^^^®* 
a pulse will be transmitted into the solid or fluid with 
a velocity determined by its density and elastic force. 

*Sce Appendix No. 1. 



1 . ^OPUT. 



'V. after substituting 



» ■ • 



■ I :■.._.. ' ~ ', 



= \ — — - = r 






. r. .: "=■ — I'r *vea that 



•r\;r.--rs :L. -.•;..« :' . .TLirHfatfra on one side of i 
::.!.. ilv Vvr :_.:: .:. :_-. * ".• s!:e flit". ]Makin£r 






-- = C. 



the a'.'.'vc- E ."a::.r. ii.:;-.- '. :■ •:rr:;:ea 



"'■•■ ■;•;■ *'• '• = t" • \ 4- (28). 



[arjjr.c; 



// 



111 the same li- •:::.:.■:>:'■:;- ruv-liuiii J^* and Z? are con- 
iiii.f.r .stanr, wLi.-nce wo cjikIuU- tiia: tJ^: actual velocity of a 

r.!ln'. ''*^'" "iiiolLcifh:. which is th;.- same as That of the stratum to 
wliich it buL'iiir"^, 16 ui:\._'f!i/ ji'oj'ortioiial to the excels 
of condensation on oni ^ih (^r It. over that on the oppo- 
site side, 
wh. II a particle Wlicn, therefore, hv the forward movement of a mole- 

will roiii« to rest , ' 

ciile tlie condensation l»ee«»nu-s eij^nal on opposite sides, 
tlie molecule comes to rest, and remains so till again 
disturbed by some extrano«»us fnrce. This explains why 
it is that a pulse transmitted thruugh a medium of uni- 
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form density sends back no distnrbancej but leaves eveiy i-^^ins fo'^e 
molecule behind in a state of rest. The living force im- 
pressed upon any given stratum is transferred to the next 
one in front, and this to the next in order, and so on in- 
definitely. 
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direction of 



§ 69. When the st^tnm 

. 7^ . Fig. 85. disturbed ; 

stratum AB \^ mo- 
ved by some source 
of disturbance to 
A! jD\ the stratum 
CD will move in 
the same direction, and a pulse will be transmitted on- ^" 

. disturbance; 

ward towards W, the excess of condensation beino- on the 
same side of the moving stratum as the place of the ori- 
ginal disturbance. But a shifting of the stratum A B 
to the position A! B\ leaves the excess of condensation And also one in 
which acts on the stratum CD' on the opposite side^^^^^^l^^. 
from A B ; the stratum C D' will therefore close in 
upon A' B\ and the same occurring in succession with 
all the strata on the side towards W\ a pulse will be trans- 
mitted in an opposite direction from that which begins 
with the motion of CD. Thus, every case of an original 
distm'bance of a molecule will give rise to two pulses pro- Every 

!• . 'iT I* * L^ A^ i»i ,1 disturbance pro- 

ceedmg m opposite directions, with the same velocity, the duces two pulses- 
two pulses differing only in this, viz. : in the one the 
wave velocity will be in the same direction as that of^^^^^'^'*^"^®' 
the molecules, and in the other in an opposite direc- 
tion. 



§ 70. The elastic force E^ of two media in contact and Elastic force of 

., , ^ ,^ .^ . ,. in two media in 

at rest, must be the same ; otherwise motion would ensue, contact and at 

- When, therefore, in the progress of a pulse, it reaches ''est. 

a stratum JTT", of a density different from that of those 

which precede it. Equation (28), shows that for the same 

excess (7, of condensation, the velocity of the stratum will Effect when the 

be altered; that is, the actual motion of the molecules '''^'^^°^'^"'*°°' 

' ' meets one of 

will either be accelerated or retarded. If the new stra- greater density; 
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tuni be of incivjisud density, the next preceding stratum 
yrZ, will 1)0 cheeked in its progress by the greater mass 
r)t' A" J^, and bruuo;lit to I'est before it reaches its neutral 
distiinee from tliat beliind; the excess of elastic force 
tlius retained will react npon the next preceding stratum 
which has already come to rest, and will thus give rise 
to a retm-n pnlse in which the velocity of pi*opagati(m 
and that of the niolecnles will be in the same direction. 
Km-.twhon jf ,-,^ t]j^» contrary, tlic new stratum have a dimin- 

Tiio\iii:: ^t^at^^ln " , r- m i 

Tiuei. uMo of less islicd dcnsitv, the motion of A L wdl be accelerated, the 
<un>itv. density in front of the next preceding stratum will be- 

come less than tliat between those behind which Lave 
come to rest ; these latter strata will therefore move fo^ 
ward in succession, and thus a return pulse will be pro- 
duced as before, but with the difference, that the velocily 
of propagation and that of the inolecules will be in oppo- 
site directions. 

Wiivo meeting a § '''^- I^ follows, thcrcforc, that when a pulse or wave 
niciiiimof ()f sound iu any medium reaches another medium of 

(lilfi'iviit density ,*',... it. 

is rosoiveii into greater or less density, it is at once resolved into two^ 
two: Qj^Q ^f ^vliich i)roceeds on througli the second, while the 

other is driven back tlirough the first medium. 

Cause of this Tliis divisiou of au Original pulse into two others, arises 

ivsoiution. entirely from the reciprocal action of the two media on 

each other. If the media be jjcrfectly elastic, there can 

be no loss of living force, and the sum of the intensities of 

sound in tlie comj^onent pulses will be equal to that of the 

oi'iginal pulse. If the media be not perfectly elastic, 

thei'c will be a loss of living force, and the sum of the 

intensities of the component jndscs will be less than that 

of the original pulse. 

in.i.ient, Tlic Original pulse is called the incident^ that transmit- 

rofraHcMi, and ^^j j^^^^ ^j^^ sccoud medium, the refracted: and that 

driven back througli the original medium, the reflected 
pulse. 

To an ear properly situated, the reflected pulse will be 

EcllO. X X 1/ / J. 

Audible, and is, for this reason, called an ecJio. The biu> 
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face at which the original pulse is resolved into its two i>oyiating 
component pulses, is called the deviating surface. 




§72. To find the law which regulates the direction of ^^<^ction of the 
the reflected pulse; let ^ Jf be a ^^ ^^ ^411^^ 

portion of the front of an incident 
spherical pulse, so small that it may 
be regarded as a plane. Draw M A!\ 
A N and A 0^ normal to the pulse, 
and suppose the latter, moving 
in the direction from iVto JL', to 
meet the face J? 6r of a second me- 
dium. Each molecule of the pulse 
as it recoils from the surface E G^ 
becoiiies the centre of a diverging 
spherical pulse which will, Eq. (28), 
be propagated with the velocity of 

the incident pulse. Accordingly, when the portion J/ Explanation and 
reaches the face of the second medium at A'\ the por- ^"^ ^^ °°* 
tion A will have diverged into a spherical piilse whose 
radius iB> AB=^A" M. In like manner, if A! M' be 
drawn parallel to A JLT, the portion diverging from A! 
will, in the same time, have reached the spherical pulse 
whose centre is A! and radius A! B' = A!^M.'. The same 
construction being made for all the points of the incipient 
pulse as they come in succession to the deviating surface, 
the surface which touches at the same time all these 
spherical surfaces will obviously be the front of the re- 
flected pulse. But because A' B' and A B are respec- 
tively proportional to A! N and A!' J/, and as this is true 
for any other similar lines drawn from points of the 
deviating surface to the corresponding points of the in- 
cident and reflected pulses, this tangent surface is a plane, incident and 
Moreover, since AB\^ equal to JtT^'', and the angles reflected puisoa 
AM A!' ^\A A!' B A are right, the angles Jf A JL" and ^gj^g'^.^j't^ 
BA!* A are equal, and the incident and reflected pulses deviating smfaoa 
make equal angles with the deviating surface. 

Any line which is normal to the front surface of a 
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Kuj of sound. 



Anjrlo of 
inci(lenc<^ ; 



Fig. 87. 



Anglo of 
reflexion ; 



Tl)c.so angles 
equal 



pulse, is called a ray of sound. The angle 2fA i), 
which the normal to tlie incident pulse makes with the 
normal to tlie deviating surface, is called the angle of 
incidence. Tlie angle B A D^ which 
the normal to the reflected pulse 
makes with that to tlie deviating 
surface, is called the angle of re- 
flexion ; and because the angle 
made hy two planes is equal to 
that made by their normals, we 
conclude from the foregoing, that 
in the reflexion of sound ^ the angles 
of incidence and of reflexion are 
equal. 




\ 



Diroi^tion of the 
rotractod pulso 
dcteriulned ; 



§ 73. The law which determines the course of the re- 
fracted pulse is equally simple, and is deduced in a man- 
ner analogous to the preceding. 

Let j1 J/be an inclined element- 
ary plane i)ul5e, incident upon a de- 
viating surface E 6r, at any instant. 
In the interval of time during w-hich 
the point J/'is moving from J/ to A'\ 
the aiijitation which bc^jrins at A will 
have reached some S2)herical surface 
within the second medhim of which 
A B is the radius ; and in like man- 
ner, the agitation which begins at 
A!^ will have reached some spherical 
surface of which A! B' is the radius, 
by the time the portion of the inci- 
dent pulse at J/', will have j^assed on to A" ; and the 
same of intermediate points of primitive disturbance on 
the deviatino; surface between A and A'\ the firet and 
cor'truciionandifist poiuts of incideucc. The surface tangent to all these 
spherical surfaces will be the front of the transmitted or 
refracted pulse ; and because A B and A' B' are res})ec- 
ti vely j)roportional to A" JLTand A'N'^ this surface is a plane. 




explanation. 
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The angle N' AD^ made by 
the normal to the refracted 
pulse and that to the deviating 
surface, is called the angle of 
refraction. Denote the angle 
of incidence N A D^ which is 
equal to the angle M A A!\ 
Fig. 38, by 9 ; and the angle of 
refraction N' A i), which is 
equal to the angle A A!' B^ 
Fig. 38, by 9' ; then will 

MA!' =^ a:' A 
AB = A''A 



sm 9; 
sin 9' ; 



Fig. 89. 



Bcfractod sound ; 




niostration; 



and dividing the fii-st by the second 



M\r 

AB 



sm 9 

~ — r5 
sm 9 



but A!' M and A jB, being described in the same time. Explanation; 
the first by the incident, the second by the transmitted 
pulse, are respectively proportional to the velocities in 
the two media. Denoting the velocity of the incident 
pulse by F", and that of the transmitted pulse by Y\ 
we have 



whence 



JT __ MA' _ sin 9 
V" AB ""sin 9' 



Batio of 
velocities of 
incident and 
reArocted sound ; 



Y 

sin 9 =— sin 9', 



(29). 



That is to say, in the refraction of sound the sine of the euIo. 
angle of incidence is equal to the sine of the angle of rcr 
friction tnultiplied into the ratio obtained iy dividing 
the velocity before incidence by that after refraction. 

6 



\ 
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Application to 
air and water; 



Thus, if sound proceed tlirougli the atmosphere at 32® 
Fahr.j and be incident upon the surface A ^, .of water at 

the same temperature, then will V = 1089,42, F'= 
470^,4, and 



F^ 1089^ 3^^, 

V 4707,4 ' 



lUoBtration; whlch in Eq. (29) gives 
sin 9 = 0,23142 . sin 9' 



or 




sm 9 
0,23142 



= sm 9 



(30> 



Example; Now, supposc the angle of incidence i? /iT, to be given, 
saj'- 30°. TVith the point of incidence /, as a centre and 
radius imity, taken from any scale of equal parts, de- 
scribe the circumference of a circle; from a table of natu- 
ral sines take the sine of 30°, and by means of the same 
scale lay it off from I to U; through U draw JET O j^- 
rallel to the normal iV/, and through the point (9, in 
wliicli tliis parallel meets the circumference and the point 
of incidence /, draw li I, This gives the incident ray. 

Construction of Dividc the siuc of 30° by 0,23142, this will give the sine 
of 9' ; lay off its vahie from / to ZT', and draw jff' Cf 
parallel to N I * join the point in which this parallel cuts 
the circumference with the point of incidence I^ and we 
have the direction of the refracted ray I R\ 



incident and 
refrnctcd rays. 



wiien sound § 74. The siuc of ail angle can never exceed unity. 

cannot pass into ^yj^^^ therefore, the angle of incidence becomes so great 

a second 770 o 

mcdinm; that its siuc divided by the ratio of the velocities exceeds 

unity, refraction, or wliich is the same thing, the passage 
of sound from one medium to another in which its velo- 
city is greater, becomes impossible. In the case of air 
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and water, the limit of the greatest angle of incidence Greatest augie of 

1 . , 1 . -, •• , . . /> incidence under 

corresponding to which we may have any transmission oi ^^^^^ ^^^^ 



can 



audible sound to the second medium, is found from Equa- pass from air into 
tion (30) by making sin 9' = 1, which gives ^^^' 

sin 9 = 0,23142 



or. 



9 = 13° 22'. 



Its-value. 



§ 75. When the sound is thrown back from the surface Reflected sound; 
separating the two media and continues in the first medium, 
the velocity retains the same value, but its sign will be 
changed. This will make V^ = — V^ and 



F' 



= -1, 



which reduces Equation (29) to 



sm 9 = — sm 9 , 



or 



9 = - 9' 



the law of reflexion as given in § 72. 



Fig. 41. 



Batio of 
velocities of 
incident and 
reflected sound ; 




Angle of 
incidence equal 
to that of 
re^exion. 



§ 76. When the pulse proceeds in 
a homogeneous medium from a point 
of disturbance, it takes a spherical 
shape, the normals all meet at the 
centre of the sphere, and the rays 
are then said to diverge from a point, 
in which case the sound becomes 
less intense as it proceeds. 



*^& ^' , Diverging sound; 




Intensity 
diminishes; 
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Converging 
Boond; 



•Intensity 
LncrcoAcs ; 



When in the progress of the pulse it retains its spheri- 
cal shape, but any portion of it be- ^ 
comes so modified as to present its 
concavity in front, the rays will meet 
at some point in advance, and are 
said to converge / the sound will be- 
come louder and louder as it pro- 
gresses, and finally, when it reaches 
the point of union of the rays, it will 
attain its maximum intensity ; for in 
this position the living force, which 
was before distributed among the molecules of an ex- 
tended pulse, is concentrated in the few molecules of a 
very contracted pulse. 




IIliLstrtttlon of 
dlvcr^enco and 
convergence of 
sound ; 



Dc(;retu«C8 In 
loudness before 
reflexion ; 



Increases after 
reflexion ; 



Maximum 
intensity. 




§ 77. To illustrate, conceive a disturbance to take place 
at the focus F^ of an ellipsoid ; a 
pulse will proceed from this 
point in all directions. Any two 
rays, as FD and FF^ will, from 
the law of reflexion just explain- 
ed and the geometrical properties 
of the ellipsoid, pass to the other 
focus F\ as will also the portion 
of the pulse included between 

these ravs and which is reflected at the surface D E. 
The living force impressed upon the molecules in the ver- 
tex of the angle D F F^ will, as the pulse proceeds from 
F^ become more and more diffused, and when the pulse 
reaches the point D^ this living force will be distributed 
among the molecules of the surface DD\ After re- 
flexion, the concavity of the pulse is turned to the front, 
its extent becomes less and less as it approaches the 
second focus, and the living force of its molecules will 
be more and more concentrated, till finally, when the 
pulse reaches the focus F\ the living force of a single 
molecule will be a maximum, and will be capable of pro- 
ducing the greatest impression upon the ear. 
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What has been said of the portion of the pulse within ah the sound 
the sector D F E^ is equally true of any other sector ^^""^"^^^"^^^^^ 
and of the whole spherical pulse ; so that all the sound the other. 
which originated in the focus F^ will, after reflexion, be 
concentrated in the focus F\ 



t' 



Gonstraction of 
the refracted and 
reflected pulses. 



§ 78. When a spherical pulse is incident upon a plane spherical puise 
deviating surface, it will be easy from the principles now ^^^^'^^^^^ J^^ * 

o ' •/ ■»• -I- piano surface* 

explained to construct both the refracted and reflected 
pulses. For this purpose, let 
A B represent the deviating 
sui'face ; D^ the point of pri- 
mitive distm'bance ; D C, any 
incident ray ; G G and C J?, 
the corresponding refracted 
and reflected rays respec- 
tively. From the point i), 
draw ED^ perpendicular to 

the deviating surface. Extend 

the refracted ray C O^ back till it meets this line in the 

point H, At the point of incidence C, draw (7 J/'parallel 

to FD. i)enote the angle of incidence D CM= (7 i> ^Notation; 

by 9 ; the angle of refraction M G II— G HFhj 9' ; the 

distance jD jE" by / ; and the distance jSTjE" by/'. Then 

win • 




«: '- 



/tan(p= (7^ = /'tan<p' 



whence 



sm 9 



__ /. tan 9 _ /. cos 9 _ - sin 9 cos 9 



^-^■^■=f 



making, Equation (29), 



sm 9 
cos 9' 



=/ 



sin 9' cos 9 ' 



Equations; 



m = -TF7 = !^ ^ , , .... (31). Transfonnations; 

V sm 9 
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Operations 
performed; 



and substituting for cos 9' and cos 9, their values 
VI — sin* 9' and \/l — sin* 9 and eliminating sin 9' by 

its value 1 , we finally have 



r^f.rn. 




1- 



sin*9 
m* 



1 — sin* 9 



(32> 



Direction of 
refracted ray 
determined. 



Point from 
which the 
rellected rays 
will diverge ; 



The distance of the point D from the deviating sur£EU!e 
and the nature of the two media on the opposite sides of 
the latter being given, the value of/", "Fand Y' will be 
known ; and assuming the direction of the incident ray 
D (7, the angle 9 also becomes known, and the value of 
y, which determines the point H^ will result from 
Equation (32), and the direction of the refracted ray 
H C G^ will thence become known. 

For the reflected ray, V and V become equal with 
contrary signs, and m will be equal to minus unity. Tliis 
will reduce Equation (32) to 

/'= -/; 



that is to say, all the reflected rays will diverge "from 
Reflected puiso a poiut D\ as far behind tlie deviating surface as the 
spherical; point D of disturbance is in front of it. The reflected 

pulse will, therefore, be spherical. 
From the point 7) as a centre 

and radius D K^ equal to that 

of the spherical pulse at any 

instant, describe the arc KO' \ 

this will represent a section of 

the incident pulse by a plane 

normal to the deviating surface. 

Make the distance ED' equal 

to D E^ and with D' as a centre, 

and radius D' K^ equal to D K^ 



fliustration; 
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describe the arc K' 0' ; this will represent a section, construction of 
by the same plane, of the reflected pulse. Draw any^^^^^^^^^^ 
incident ray as 2) (7 ; through the point i2^ given by the reflected pulses, 
value of y in Equation (32), and the point (7, draw H C^ 
which being produced will give the refracted ray C X' \ 
through D' draw the line D' C X^ and multiply the inter- 
cepted portion CX\>j the ratio of the velocities V and F", 
and lay oif the product from C to X\ and we have the 
point X' of the refracted, corresponding to the point X 
of the reflected pulse. An ear situated at X will hear 
the direct sound transmitted along the ray D X^ and an Position whence 
echo of the same sound reflected at the point C\ the*^®^^®*^****^"^ 
mterval of time, or number of seconds mtervenmg be-bothaudiWe; 
tween the two, being equal to 

D0+ OX- DX 



Time between 



1089,4:2 V 1-1- {f - 32°) . 0,00208 ' the impressions; 

on the supposition that the sound is transmitted through position wiicnco 
the atmosphere, and tlie linear distances are estimated in the transmitted 
English feet. An ear situated at X will hear the trans- ^°^ ^^ ^" 
mitted sound at the instant the one at X will receive 
the echo. 

§ 79. An echo is always produced when the ear is ^hen an echo la 
able to distinguish the direct sound from that which is produced; 
reflected. A good ear will perceive about nine succes- 
sive sounds in one second of time ; that is to say, the 
sounds must si\cceed each other at intervals of one-ninth Powers of tiie 
of a second in order to be heard singly. The sound and ^"' 
the echo are to be regarded as successive sounds, of 
which the latter will be distinctly heard if it fall upon 
the ear after this organ has conveyed to the mind a dis- '^^"^® between a 

« , sound and its 

tinct impression of the former. The interval of time echo; 
between the sound and its echo, depends upon the dif- 
ference of route travelled by the direct and reflected 
sound, and the least difference x for a distinct echo, will 
result from the Equation 
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Least difference 
of route for a 
distinct echo; 



X 



1089,42 v/l+(^° - 32°) 0,00208 



or, taking the temperature of the air at 32°, 



Same at 22°. 



1089,42 /. 

X = ~ — = 121,04. 



distinctly 
perceptible; 



Sound and echo When the difference of routes exceeds this distance, the 
interval of time between the two impressions upon the 
ear becomes distinctly perceptible ; and in proportion as 
that difference becomes less than a?, will the impression of 
the echo begin before that of the direct sound ends ; and 
this overlapping, as* it were, of impressions will give rise 
to confusion, which will continue to a greater or less ex- 
tent till the difference of routes becomes so small as to 
afford no sensible interval between the instants that mark 
the beginning of both impressions, in which case the echo 



Echo causes 
oonfusion ; 



Effect of sound 
strengthened by 
echo; 



will strengthen the effect of the direct sound. 



niustration ; 



Fig. 47. 







§ 80. Let an observer place him- 
self at {?, midway between the plane 
walls A B and C i>, of which the 
distance apart is some 250 feet or 
more. The soimds which he utters 
will be reflected back to liini by the 
two walls, and having ti-avei-scd equal 
distances will reach him at the same 
instant; tliey will, therefore, rein- 
force each other, and he will hear 
one distinct echo. Now let him move towards one of the 
walls. At first he will perceive little or no difference of 
effect, but presently one echo will seem to lag behind the 
PcrFon assuming otlicr, coufusiou will soou follow, and this will continue 
till twice the difference of his distances from the two 
walls becomes equal to or greater than 121 feet, when he 
will hear two distinct echos, which will separate more and 



i? 



different 
positions 
betwoon two 
walls; 
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more from each other as he progresses ; when he gets Effects observed, 
within sixty feet of the nearest wall, the first echo will 
begin to confomid itself with the sound of his voice heard 
directly ; he will now enter a second space of indistinct- 
ness, from which he will emerge at a distance from the 
wall of about fifteen or twenty feet. 

8 81. It thus appears that reflectino: surfaces situated at surfaces at 
different distances from a speaker may throw back to him distances reflect 
numerous echos of the same sound. Of this many re- ^^^y ^ciios of 
markable instances arc recorded. At Lurley-Fels, on the 
Ehine, is a position in which a sound is repeated by echo 
seventeen times. At the Yilla Simonetta, near Milan, is 
another where it is repeated thii-ty times. An echo in a 
building at Pavia used to answer a question by repeat- 
ing its last syllable thirty times. The rolling of 
thunder has been attributed to echos from clouds situated 
at unequal distances from an auditor ; and the propriety 
of this view has been sustained by the observations of ^^^^''^^ 

remarkable 

Arago, Matthieu and Peoney, while experimenting upon instances; 

the velocity of sound. They found that when the weather 

was perfectly clear the reports of their guns were always 

single and sharp ; whereas when the sky was overcast or 

a single cloud of any extent was present, they were fre- Experiments; 

quently accompanied with a long continued roll like that 

of thunder, and occasionally a double sound would arrive 

from a single shot. 

But it is proper to remark that the rolling of thunder 
admits of ^another explanation. Thunder is caused by a 
disturbance of electrical equilibrium in the atmosphere ; 
experience shows that this takes place over a long and 
sinuous line, the different points of which are at unequal EoUingof 
distances from the auditor, and the sounds from these *^^^®'- 
points can, therefore, only reach him in succession and 
without sensible intervals. 

§ 82. "When reflected sound and that proceeding di- 
rectly from the same source, are made to fall upon the 
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ofifect of direct 
sound; 



Fig. 4a 



Dlostrated by 
the sneaking 
trmnpet; 



B.^'''N 




Reflected TOund ^^^ s i iiiult till c Oil sly, Or iicarly so, they strengthen each 
may increase the other aiul becoiiie aiuliblc hi positions where neither 

could be heard separately. The Speaking Trumjpet 

affords an illustration of this. The Speaking Trumpet 

is a funnel-shaped tube, of which the object is to throw 

the voice beyond its ordinary range. In its best form 

it is parabolic. 

It is a geometrical property 

of the parabola that a line 

I^T^ drawn from the focus 

i^, to any point T of the 

curve, and another T£!] 

drawn from T parallel to the 

axis FA^ make equal angles 

with the tangent line to the 

ciu've at T. A portion of^ 
Its constTucUon tho diverging rays of somids proceeding from a mouth 
and use ^^ ^hc fucus 7^. will bc reflected by the trumpet in 

explained; . 

directions parallel to the axis A F ; and the living forces 
of the aerial molecules wliich, without the trumpet, 
would have been diffused over that portion of the spheri- 
cal surface on the. outside of a cone of which -?^ 7? and 
F li are the most diverging elements, become, by its 
use, concentrated within the limits of a circle whose 
diameter J/i\^, is equal to that of the trumpet's mouth, 
By its use sounds and su2)erposed u2)on the living forces arising from the 
arorendcred ^^^^j^^^^ ^^^ ^^^^ jj^.^^^ ^owwiV The axis of tlic trumpct be- 

auuiblo that ^ 

could not be iug dircctcd uj^on a person at a distance, sounds of andi- 
hcard without it ^^^ intensity may thus be convoyed to him, which he 
could not hear from the unassisted organs of speech. 



§ 83. Tlie Hearing Trumpet^ 
which is intended to assist per- 
sons who are liard of hearing, 
is similar to the speaking ti'um- 

nearingtrumpct;P^^; ^^^^ ^hc Operation is rc- 
verscd. The ravs of sound en- 
ter this instrument at the larger 
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opening and are so reflected as to become united at the construction 
smaller end, which is inserted into the ear. ' 



Fig. 50. 



Speaking tubes 
on same 
principle. 



§ .84. Whispering Galleries^ so called from the fact wiiispering 
that the faintest whisper uttered at one point may be dis- ^ ^"^' 
tinctly heard at another and distant point, without its be- 
ing audible at intermediate positions, depend upon the 
operation of the same principle, to wit, the convergence 
of the rays of sound by reflexion. The best form for^es^-fo"^ 
these galleries is that of the ellipsoid of revolution. In 
such a chamber two persons, one in either focus, could 
keep up a conversation with each other which would 
be inaudible at other points. The ear of Dionysius isEarofDionysins. 
celebrated in ancient history; it was a grotto cut out 
of the solid rock at Syracuse, in which a person placed 
at one point could hear every word, however faintly 
uttered, in the grotto. It was doubtless of a parabolic 
shape. 

The same principle is employed in 
the construction of SpeaMng Tubes^ used 
for the purpose of communicating between 
diflferent apartments of the same building, 
now coming into very general use. 

§ 85. Halls for public speakin<r, such as • 1/ uaiis for public 

speaking; 

lecture rooms, theatres, churches, and the 
like, should be so constructed as to diffuse 
the sounds that are uttered throughout the 
space occupied by the audience, unimpaired 
by any echo or resound. Were the speaker 
to occupy constantly the same position, the 
parabolic form would,on theoretical grounds, 
undoubtedly be the best ; but in debating 
halls, where every speaker occupies a dif- 
ferent position from another, these conditions are very Principles on 
difiicult to fulfil, especially when the room is large. Every- ^^^^ ^^^^ 
thing should be avoided that would at all interfere with constructed. 
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Ezpcriuiont; 



Illastration ; 



Explanation. 



the uniform diffusion of sound, and especially all need- 
less hollows and projections which are likely to gene- 
rate echos. 

The following experiment will illustrate, in a very 
simple manner, the consequences arising from the re- 
flexion of the rays of sound from the interior of a pa- 
rabola. 

Place a watch in the focus J. of a parabolic mirror MN^ 
and all the rays of 
sound that fall on the _ ^- ^^ 

concave surface will be 
reflected in the direc- 
tion indicated by the 
arrows. Tlie ticking 
of the watch will be 

plainly heard within the space MN P, in which the 
rays fall, but it will not be audible at a small distance 
on either side. 

Now place a second reflector P, opposite to the for- 
mer, and at some distance from it ; the rays of sound 
will be received by it and thrown into the focus B. If 
the ear, or, better still, the mouth of a hearing-trumpet, 
be applied to this point, the ticking of the watch will 
be heard as plainly as at -4. 





§ 86. While it is important to diffuse sound uttered 
Partition walls; or in any way produced, uniformly, so as to render it 
distinctly and equally audible in all directions, it is 
also necessary to prevent its passage from one apart- 
ment to another for which it was not intended. Parti- 
tions are usually made of solids ; but solids, if elastic, 
such as wood, metals, and stone, are, as we have seen, 
better adapted to transmit sound than air itself; an 
essential condition, however, for this transmission is homoge- 
neousness of substance and uniformity of structure. Where 
How constructed thcsc are Wanting a sonorous pulse transmitted through 
to prevent the ^ ^qYy^ is cvcr chano^iuff its medium, and soon becomes 

transmission of o c? 7 

Bound. broken up by reflexion and refraction, retardation and 
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acceleration, into a multitude of non-coincident waves. Examples of 

1 .-I f* jii (* * 1 (* 1^1^ i_ interference of 

and these irom the laws 01 mterierence must, to a greater ^^^. 
or less extent, destroy each other. 

As an instructive instance of this stifling effect on a 
sonorous pulse, we may mention the example afforded 
by a tall glass filled with champagne. As long as the 
effervescence lasts and the wine is full of bubbles, the 
glass cannot be made to ring by a stroke on its edge, 
but will give a dead and puffy sound. As the offer- oiass of 
vescence subsides the tone becomes clearer, and when*^ *™^^^®* 
the liquid is perfectly tranquil, the glass rings as 
usual. On re-exciting the bubbles by agitation, the 
musical tone again disappears 

So of a solid or union of several solids, in which Heterogeneous 
there are frequent changes of density and elasticity, ^°^^^' 
and especially where there is a want of adhesion among 
the different parts; sound penetrates these with great 
difficulty, and materials so united as to satisfy to the 
greatest extent possible the condition of non-homogcneous- 
ness should, therefore, be employed whenever it is an object 
to prevent the transmission of sound. The influence of 
carpets, curtains, and tapestry hangings, in preventing 
reflexion and echos in large apartments, is due to the 
causes above mentioned. The mixture of the unelastic carpets, curtaia% 
fibres of the cloth with its numerous layers of entangled *°* 
air, intercepts and deadens the sonorous waves before 
they reach the more solid and elastic media behind. 
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MUSICAL SOUNDS. 



Andible sounds 
produced ; 



Imprc&'«ion on 
the eur depends 
upon; 



Auditory nerves 
analyze 
pulsations: 
whence grave, 
aciito, etc. sounds; 
and tones of 
musical 
inslrumenta 

Noise ; 



Crack; 



Crash; 



§ 87. Every impulse mechanically communicated to 
the air or other elastic medium is, as we have seen, 
propagated onward in a wave or pulse; but in order 
that it may affect the ear as an audible sound, a cer- 
tain force and suddenness are necessary. The slow wav- 
ing of the hand through the air is noiseless, but the 
sudden displacement and collapse of a portion of that 
medium by the lash of a whip, produces the effect of 
an explosion. The impression conveyed to the ear will 
depend upon the natm^e and law of the original impulse, 
which being altogether arbitrary in duration, violence 
and character, will account for all the variety observed 
in the continuance, loudness and quality of sound. The 
auditory nerves, by a most refined delicacy of mechan- 
ism, ap2)ear capable of analyzing every pulsation, and of 
api^reciating the laws which regulate the motions of the 
molecules of air in contact with the ear ; and from this 
arise all the qualities — grave, acute, harsh, soft, mellow, 
and nameless other peculiarities which we distinguish 
between the voices of different individuals and different 
animals, and the tones of different musical instruments 
— bells, flutes, cords, &c. 

§ 88. Every irregular impulse communicated to the 
air produces what we call noise^ in contradistinction to 
musical sound. If the impulse be short and single, we 
hear a crack ; and as a proof of the extreme sensibility 
of the ear, it is to be remarked that the most short and 
sudden noise has its peculiar character. The crack of a 
whip, the blow of a hammer against a stone, the explo- 
sion of a pistol, are perfectly distinguishable from each 
other. If the impulse be of sensible duration and irre- 
gular, we hear a crash ; if long and interrupted, a rattle, 
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or a mmblej according as its parts are less or more con- Rumw©. 
tinuoiis. 

§ 89. The ear retains for a portion of time after the continuous 
impulse is communicated to it a perception of excitement. ^o\md produced; 
If, therefore, a short and sudden impulse be repeated 
beyond a certain degree of quickness, the ear loses the 
intervals of silence and the sound appears continuous. 
The probable frequency of repetition necessary for the 
production of continuous sound is stated to be not less 
than sixteen times in a second, thou£>:h the limit will "be ^® ^®^^®"*^^ ^' 

' " repetition 

different for different ears. necessary. 

§ 90. If a succession of impulses occur at exactly equal Musical sounds; 
intervals of time, and if all the impulses be exactly simi- 
lar in duration, intensity, and law, the sound produced 
is perfectly uniform and sustained, and takes that pecu- 
liar and pleasing character called musical. In musical 
sounds there are three principal points of distinction, 
viz. : the pitch, the intensity, and the quality. Of these ^ad qu^ity? ^ 
the pitch depends, as we have seen, solely upon the fre- 
quency of the repetition of the impulses ; the intensity, 
on their violence ; and the quality, on the peculiar laws 
which regulate the molecular motions in any particu- 
lar instance. All sounds, whatever be their intensity or sounds having 
quality, in which -the elementary impulses occur ^itb ^^^^^ p^tch, or in 
the same frequency, have to the ear the same pitchy and 
are said to be in unison. It is on the pitch alone that 
the whole doctrine of harmonics is founded. 

§ 91. The means by which a series of equidistant im-„ . , 

" • . , Musical sounds 

pulses can be produced mechanically upon the air are mechanically 
very various. If a toothed wheel be made to turn with p'<>^^<^^^5 
a uniform motion while a steel or other spring is held 
against its circumference with a constant pressure, each 
tooth as it passes wiU receive an equal blow from the 
spring, and this being communicated to the air, a wave 
of sound will proceed from the place of collision. The 
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The siren; 



A series of 
palisades ; 



Whistling of a 
bullet. 



number of such blows in a second will be known when 
the angular velocity of the wheej and the number of 
teeth upon its circumference are known, and thus every 
pitch may be identified with the number of impulses 
which produce it. The Siren, another instrument by 
which the same results may be evolved, has been de- 
scribed in § 48. A series of broad palisades^ placed 
edgewise in a line nmning from the ear, and equidistant 
from each other, will reflect the sound of a blow struck 
at the end nearest the auditor, producing a succession 
of eclios which reach the ear * at equal intervals of 
time, thus producing a mu^cal note whose pitch will be 
determined by the number of reflexions in each second 
of time. Tliis number will be equal to the quotient 
arising from dividing the velocity of sound by twice the 
distance between two adjacent palisades. A similar ac- 
count may be given of the singing sound produced by a 
bullet while moving through the air and ^turning rapidly 
about its centre of inertia. The angular motion of the 
bullet being uniform, the actual velocity of its surface 
on one side will be greater than that on the other, and 
any inequality in the figure of the bullet will be made to 
vary its action upon the air periodically, thus producing 
a musical sound. 



Most ordinary 
way of causing 
mnsical sounds; 



Modes 
considered. 



§ 92. The most ordinary way of producing musical 
sounds is to set in vibration elastic bodies, as stretched 
strings and membranes, steel springs, bells, glass, co- 
lumns of air in pipes, &c., &c. All such vibrations con- 
sist in a regular alternate motion to and fro of the 
molecules of the vibrating body, and are perfoi*med in 
strictly equal portions of time. They are, therefore, 
adapted to produce musical sounds by communicating 
that regularly periodic initial impulse to the aerial mole- 
cules in contact with them, from which such sounds re- 
sult. We proceed to consider their modes of production, 
and especially in the first and last named cases^ these 
being the most simple. 
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VIBRATIONS OF MUSICAL STRINGS. 

§ 93. If a string or wire be stretched between two vibrations of 
fixed points, and then stmck or c^awn aside from its°^"^'^"^^^""s«; 
position of rest and suddenly abandoned, it will vibrate 
to and fro till its own rigidity and the resistance of the 
air bring it to rest ; but if a fiddle how be drawn across 
it, the vibrations will be renewed and may be maintained 
for any length of time, and a musical sound will be heard 
whose pitch will depend upon the greater or less ra- 
pidity of the vibrations. 

Thus, if JfiTbe ^, ,, 

' Fig. 52. 

any stretched cord, 

struck at right an- ^' — "^'- V ^'/ ^^ ^^ ^ niustration; 

gles to its length at (?, 

it wUl be suddenly bent at that point into the curved or 

waved shape indicated by the dotted line /S, which shaj)e will 

run alone: the cord in both directions till it meets with 

some obstruction to its further progress, when it will be 

either wholly or partly reflected, and return upon its 

course in a manner and for the reasons to be explained wave runs along 

presently, the successive positions in the diverging mo-*^®*'®"^^"^^^^ 

tion being S\ S^\ &c., on the one side, and S^, S^^^ &c., 

on the other. 

§ 94. To find the velocity with which the wave runs to find the 
alonff the cord, it is plain that we may either petard ^*^^*^^^^ ®^ *^*^* 

° ^ , « . "wave motion ; 

the cord as continuous, or as being composed of a series 
of detached points, kept in relative position by their mu- 
tual attractions for each other, each point being loaded 
with the mass of so much of the cord as extends half 
way on either side to the adjacent point, and of which 
the length is equal to the distance between any two con- 
secutive points. 

7 
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lUastratloii ; 



M- 



Fig. 68. 



JE 



n 



I 



J)* D 



M 



C 



-jr 



Suppose MNio be 
the cord's position of 
rest, and the wave to 
proceed in the direc- 
tion from (7 to Z>y let 

the point JL, be just on the eve of motion and the place 
jB', the position of the point B at the same instant. 
snppoBitions; * While, therefore, the actual motion of the point B has 
been from B to B\ that of disturbance has been from 
B to A, . . . 

The duration of these simultaneous motions is indefi- 
nitely short ; the motions themselves may, therefore, be 
regarded as uniform. Hence, denoting the actual velo- 
city of the point B by v^ and the velocity of the dis- 
turbance by F, we have 



Consequences; 



V 



ViiBB'iAB. 



V =: V. 



BB' 
AB 



or, denoting the angle BAB^ by 9, in which case, 



BS 
AB 



=z tan 9, 



we find, 



Velocity of a 
point of the cord; 



V = V. tan (p 



(33). 



The tension of the cord between A and B^ acts to 

draw the point JL, from JL towards B^ and the tension 

between A and D acts to draw the. same point from A 

'^f "^^'^"^ ^^ ^"** towards B. Denote the tension of the cord when at rest 

of the cord ; 

by C, that between JL and J?' by C", then because the ten- 
sion of the same portion of the cord wiU be proportional 
to the length to which it is stretched, will 
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teasaoas C and 

whence 

AB' 



c = a 



AB 



and this being r^olved into two components, one acting 
fix)ni A to -C, at right angles to JfJT. the other in the 
direction of JTJV^ will give for the first 

A B 

the second will be destroyed by the tension from A toOneisdessroved 
2?, while the. first will alone prodnce motion in A^ ^^^u>e native fore*: 
is, therefore, the motive force. Denote by tc, the weight 
of a nnit's length of the cord while at rest, then will 
the mass with which A is loaded be expressed by 

^ A '^ Mms on which 

y, * ' the motive fone 



Mt£: 



. in which g denotes the force of gravity ; and the accele- 
ration dne to the motive force will be 

C. g, tan 9 , Aceeknikm doe 

W. AB ^ tothemotire 

flarae: 

and therefore the velocity of A. in the small time ^ which 
velocity will be equal to that of B' when D begins to 
move, will be given by the relation 

C.g . t Ve3odtTof» 



w AB _,. 



Bat 



AB^ V ' 



"^KVU 
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and denoting by Z^, half the length of the cord whose 
weight is equal to the tension (7, we have 

Value of tension /7 — 2 W JO 

C; ' ' 

which values substituted above give 



Velocity of ^^ ^ 9 ^r ^^^ ^ 

particle 
time t 



particle in small ^ — T^ ' 



and replacing tan 9 by its value found from Equation 
(33), gives 



or 



Velocity of ware Y= V 2 g L^ (34). 

along a cord; 

Buie. That is to say, the velocity with which a wave orjndse 

will run along a tense cord is constant^ and equal to 
that acquired hy a heavy hody in falling in vacuo^ unr 
der the action of its ow7i weighty through a height equal 
to half the length of the cord whose weight is equal to 
the tension. 

Example; Examjple, A cotton thread Y3 feet long and weighing 

904 grains, is stretched by a weight of 12840 grains; 
with what velocity will a wave move along this cord? 

First 



904 : 12840 : : 73 : 2 L, 



whence 



a».puu«on. 2 Z, = li^t?^ = 1036^3. 

904 ' 



^/ : \ 
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Second 

V= V2g.Z, = V 32,18 . 1036,83 = 182^64:. WaveTelocIty 

^ ' ^ along the cord; 

§ 95. Substituting the above value for Vj in Equation 
(33), the latter becomes 



V = V 2 g Z. tan 9, . . . . (35) 

^ ' ^' ^ ^Velocity of a 

point cfiheconl; 

from which it appears that the actual velocity of a point 
of the cord is directly proportional to the tangent of the 
inclination of the cord, at that point, to the cord's posi- 
tion of rest; and when this condition ceases to obtain, 
as it does when the pulse comes to lighter and more 
movable portions, or encounters obstacles less mova- 
ble than the rest of tlie cord, it will be divided into^"^^™^^^ 

along a cord 

two, one of which will continue to move in the same resolved into 
direction while the other will run back, or be reflected, *^**» 
and produce a kind of echo, just as in the case of a 
wave of air encountering a medium whose molecules are 
either more movable or less so than those of air. 
K one end of the 

Tig. 5A. 
cord be fixed at J/", its ^ one end of the 

molecules adjacent to ^-^ /^^ •--^ ,-^ cord fixed; 

those in contact with 
the fixed obstacle tend- 
ing, when the pulse 
reaches the latter, to 
move at rifrht ansrles 
to the cord's length, 
will be resisted bv the *~ 

stationary molecules; jf, ^ — ^.^ ^. or 

the reaction will throw "* *~ 

them to the opposite jf, — j i2r 



ar- 



Pnlse thrown to 



side, and this reaction 

— > the opposite fide 

extending to the mole- of the cot»! and 

coles behind, the pulse wiQ pass to the oppoite side of "^"^^ 
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Both ends of the the cord and return along its entire length, following 
cord fixed; after the direct pulse in the same direction. If the 
second end be fixed, the direct pulse proceeding towards 
it will conduct itself in the same way ; the reflected pulses 
will proceed to meet each other, and being on the same 
side of the cord will conspire at their place of union to 
Beflected pulses producc a single resultant pulse, in which the molecules 
meet and of the cord will depart from their places of rest by the 

conspre, ^^^ ^^ ^^^ distauces of the same molecules in the com- 

ponent pulses. These component pulses will, however, 
Separate and are immediately Separate, 

again reflected; and prOCCCd tOWards 

the fixed ends, where 

they wiU be refiected 

as before, and return 

to meet again, having 

once more changed 

sides. The point of ^^ /""^ ^ 

Meet a second sccoud meeting will be 

uinc at the point at the placc of primitive disturbance, from which the 

ofpriraiUve \ ^ ' 

disturbance; wavcs Will depart, as before, to undergo the same round ; 
and thus, • but for the resistance of the air and want of 
perfect elasticity in the cord, the. latter, would vibrate 
for ever. But every pulse communicated to the air, is 
an elimination from the cord of so much of its living 
force^ and as this must soon become exhausted, the cord 

Cord brought to wiU COmC tO rCSt. 



M\ r^ -7-^ 7 Hlir 



M\ — ^^=^^^^^ ^ _^^ — i2r 



rest. 



§ 96. Suppose the 
whole length of the 



Fig. 6a 



Whole length of cord MN. to bc de- «- Z- ^" ^ ^ 

cord divided Into ^ j , 4- 7.7/ O 

two parts; ^oted by /y = ^^ + ^ , 

of which l^ represents 

the distance M^ from the point of primitive disturb- 
ance (?, to the fixed obstacle on one side, and V the dis- 
tance N to the obstacle on the opposite side. Then 
denoting the time of describing V by t\ and that of de- 
scribing l^ by ^^, we have - 
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V =^ Y. If^ Lengths of the 



whence 



j/ L Times reqaired 

TT ' for a pulso to pasa 

along them. 



the first pulse being reflected at JT, will describe the 
entire length Z' + Z^ in the reverse direction in the time 



jj . I I ^ Time in which 

r + */ = "t^ H tTF- j the first pulse 

describes tho 



whole length ; 



and the second pulse being reflected at Jf, will describe 
the entire length I' + Z^, in the same time, or 



. VI The same for the 

^ "T ify^^^ -fr' "h "^^^5 second pulse; 

the first pulse being reflected a second time at J/j will 
describe the length It in the time 

7 Time in which 

t = — '—^ first pulso passes 

V over second part ; 

and the second pulse being reflected a second time at iV^, 
will describe the distance l\ in the time 



y That in which 

u zzz. ■ \ second pulse 

passes over first 
part; 



V ' 



and at the expiration of all these times the pulses will 
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Paisesretornto be at theii* first Starting point, and each having teen 
starting point; twIcc rcflccted, tlicy will bc on the same side of the 
cord that tlicy were originally ; they will, therefore, pro- 
duce a resultant pulse precisely the same, abating the 
qualification due to the air and imperfect elasticity, as 
that produced by the initial impulse. Hence, if T de- 
note the time of one complete vibration of the cord, that 
is to say, the interval between the instant of primitive 
disturbance and that at which the cord resumes its in- 
itial condition, we shall have, by taking the half sum 
of these several intervals — ^because both pulses are moY- 
ing during the same time. 



Gomtpiro and 
produce a 
resultant pnlse; 



Time of vibration 
of the cord ; 



r=2 (^' + t^ = ^(^' + ^i) = \Il 



and replacing V by its value, Equation (34), 



Tliesame 
redacod. 



T= 



2 L 



v^ajrZ, 



(36) 



Example; 



Example, Taking the example of § 9J:, in which L = 73, 
and 2 Z^ = 1036,83 feet, we find 



Kcsult 



T = 



2.73 



■/ 32,18 . 1036,83 



= 0,799. 



Experiments; 



§ 97. The truth of the foregoing theory has been fully 
confirmed by the experiments of Weber. He stretched 
a very uniform and flexible cotton thread fifty-one feet two 
inches in length, weighing 864 grains, horizontally, by a 
known weight. The thread was struck at six inches from 
the end, and the time of the wave's running a certain 
number of times over the length of the string, back- 
ward and forward, carefully noted by means of a stop- 
watch that marked thirds (the sixtieth part of a second). 
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The mean of a great many trials, agreeing well with Mean of resuita 
each other, gave the results in the following table : 



Tension in 
grains. 


Length mn over 
by the wave. 


1 

. Time of running 
1 over the length 
Time in thirds. /. 

102,3:3 in tliircls 
by observation. 


Time by calcn- 
hition from the 
formula 


10023 
10023 
10023 
33292 
69408 


102^4 
204,7 
400,4 
409,4 
409,4 


46 
92 
1S4 
99 
65 


46 

46 

46 

24,72 

16,25 


46,012 
46,012 
40,012 
25,246 
17,485 



Table. 



A more complete confirmation could not have been 
desu'ed. The slight discrepancies are doubtless owing 
to a want of perfect uniformity in so long a thread, 
which must necessarily have formed a catenary of sen- 
sible curvature. 

Denote by If the number of vibrations performed in 
a given time 7^, then will 



N 



Time of one 
vibration of the 
cord; 



which substituted for Tm Equation (36) gives, after 
taking the reciprocal of both members, 



N _ y/ ^g L^ 



T. 



2Z 



(37). 



Beciprocal of tho 
same. 



In the foregoing equations 2 Z^, denotes the length of 
the cord of which the weight measures the tension. 
Denote this weight by TT, the diameter of the cord by 
jD, and its density by d ; then will 



Tr=7r. ^ .2L^.d.g 



"Weight of cord 
whose length 
measures the 
tension' 
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'i:e:iC^ 



tii»«r£; 



<r Z = - '^ 



-r./>-..i.y 



which 5ac€t:nnei in Eo'iiatior^ ;oo; and (37), give 



TS=*rf 



Tibn:^:«; -^^- -^- v^^ /qq\ 






Es>£rs: 



from which ir appears that, thi tlrru of vibration of a 
tcTtS-: cord v2rU^ as it-i hr*'7t^. dia^rtder and square rooi 
of iU d:h'flt>j. dir£:t^.y : and t^ii s:uaic rwtcfihe stretch- 
in g fore-:. inv-srS'SlK'. And that, f.\': ni:ml»er of -vibrations 
Buksecori j'-s/friyizd ?v '.7 t-s.is-: c-.'-rJ t'.i t2 ^^i'.v.i fi?n€. varies as the 
soi-'ir-: rc'i't '.r tJi-: ^*f/vf.v<i';i-; f:y>: di.'\'ct^K\ and the diame- 
tc?\ Uivj^h and square root cft?ic dcr*^iti/ iriversely, 

Vibfati::? cori ^ C*^ XllC teilSe 

fixed at both 'i t «- ^- ^ . j- j Fig. 5T. 

ends £::d £;raci COrd JZ 3 bOiDg llXed _^ 

Id the nii idle; ^t both cnds and in a '^. '^^"?^. ^ ^ 

state of vibration, ap- 
ply the finger, or anv other partially obstructing cause, 
at the middle point i\ and then withdraw it. The law 
of Equation (34), wUl be suddenly interrupted at this 
point, the progressing pulse will be resolved into two, 
one of which will continue to move in the same direc- 
tion and on the same side of the cord, while the other 
will be reflected and return along the opposite side. 

Primitive puhe "jj^^g^ compoucut pulscs havinsT coual distances to tr»- 

resolved Into ^ ^ t 

two; vel before they reach the ends, will be reflected at the 

fixed points at the same instant, return on opposi 
sides of the cord, and meet in the centre. They will- 3 
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therefore, solicit simul- Th« *^o 

, , , Pig. 58. reflected pulses 

taneously the central ^ ^ interfere at the 

point 0^ in opposite di- y-^^ ™i^^^® *>^ ^^® 

■"' cord; 




Tactions, and if the 

pulses be equal, they "^ 

will wholly interfere at 

that point, which must, therefore, remain stationary. The 

effect of the reciprocal action of the two waves being to fix the 

point 0, these waves will both be totally reflected there^ 

will return to the ends, be again reflected, return to the -^^^ ^^e°<^ fg»^»» 

' o . 5 reflected and 80 

centre, from which they will be thrown back towards on. 
the ends, and so on till the living force of the cord is 
totally expended upon the air. Thus the two portions 
-3f O and N oi the cord may vibrate as though the 
point had been originally fixed. 

If the finger heap- m^V^. Finger applied at 

plied but for an in- one uim tiio 

stant at 0, at a dis- o T-^.. ^ T^^^C^^l 

' JH\ n^ J ' ■ • -J liir from the end; 

tance from Jf equal ^^' 

to one-third of the jy , y — n . .^— ^ , jr 

whole length M N^ ^ 

while the wave is pro- m\ ? r -^ , j^r 

grossing from Jf to- *" 

wards (9, the latter 

will be resolved, as before, into two component waves, Primitive puis© 
one of which will continue to move towards N on the^^^^. 
same side of the cord, the other will return to Jlf on the 
opposite side. The distance MO being equal to one- 
half of Oi\r, the return component will be wholly re- 
flected and change sides at J!/", and come back to the 
point O by the time the direct component arrives at iT, 
where the latter wiU be totally reflected and pass to 
the opposite side of the cord. The component waves 
being now on opposite sides of the cord, and moving 
towards each other, one starting from and the other 
from N, wiU meet at 0\ half way from to N, component 
making N 0' equal to one-third of M JV, HereP^^^^*®^^™* 
they will interfere, be totally reflected, and proceed from 
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Are again 
reflected; 



Again meet at 
their starting 
point and so on. 



Finger Icept on 
tlie cord ; 



One reflected 
(U)inponcnt 
rcNoIved into 
two; 



IN'clprocul 
action l)«twecn 
tlii'Mo two Hot« of 
(■orn|)()n('ntH; 



('onll)rok<«n np 
Into portlonH, 
eucli one 
vibrating. 



Fig; 69. 



Jfr. 



^•* -^' 



■ijr 



Mv 



:^ 



Air 



M)r 



o r-^ 



(y 



-^ 



Fig. 60. 



M^ 







(y 



■^ 



Nodal points. 



0' as they did from 0; 
they will meet ao:ain in 
this latter point and 
there be totally reflect- 
ed, and thus each com- 
ponent wave will be 
made to describe, as 
long as the cord *" 

retains any of its 

living force, alternately one-third on one side and two 
thirds on the opposite side of the entire length of the 
cord, as though the point were to become alternately 
fixed at O and 0\ after every reflexion at M and N, 

Were the finger to 
be kept at the point (?, 
till the first reflected 
component returned to 
that point, this compo- 
nent would be there subdivided, giving rise to a second 
return as well as a second onward component ; the lat- 
ter would meet the flrst onward component at 0\ and 
by its action upon it resolve this also into two com- 
])onents, the onward one of which would meet the 
second return component at 0^ and being on opposite 
sides would interfere and hold this point at rest. Thus 
the whole cord may be broken up into three equal 
])arts, each of which will vibrate as though the points 
of division, and 0\ had been stationary or fixed. 

A similar explanation would show that if the finger 
were applied at any other point of which the distance 
from one of the fixed ends were an aliquot part of the 
whole length of the cord, the cord would in like man- 
ner be broken up, as it were, into equal aliquot portions, 
each of which would vibrate as though its extremities 
were fixed. 

Molecules or particles of a vibrating body thus ren- 
dered stationary by the simultaneous action of opposing 
waves or pulses, are called Nodal points. The interme- 
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diate portions which vibrate, are termed hellies^ or ven- ventrai 
tral segments, '^"°*-^ 

§ 99. If Z, denote, as before, the entire length of the 
cord, and ti, the number of ventral segments into which 
it divides itself, then will the number of its nodes be 
71 — 1, and the length of each segment, 

JL/ Length of a 

~5 segment 

which substituted for L in Equation (36), gives for the 
time of vibration, 

2Z /^QX Time of 

and in Equation (37), the number of vibrations in the 



time T„ 






T,~ 2Z 



Nnmber in time 

T ' 



and for the number in one second, by making T^ equal 
to one second. 



TIT- 71 %/ 2 g *L^ (A-\\ Nnmber in one 

o 7^ ' * * * ' \ J* second. 

All of this is confirmed by experience. If the string Above 
of a violin, or violincello, while maintained in vibration <Jeductions 

/»ii 1T11 ITT 1 conflnnedby 

by the action oi the bow, be lightly touched by the experience; 

finger, or a feather, exactly in the middle or at one-third 

of its length, from either end, it will not cease to vibrate, 

but its vibrations will be diminished in extent and increased 

in frequency, and a note will become audible, more faint 

but more acute than the original, or fundamental note, 

as it is called, and corresponding, in the former case, to 



no 
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mostratedbyflie a double, and in the latter, to a triple rapidity of vibrj 



violin ; 



Harmonics. 



tion. The note heard in the first case being, in th< 
scale of musical intervals, an eighth or octave, and ii 
the second a twelfth, above the fundamental tone, 
a small piece of paper cut in the form of an inverted V, ^. 
be set astride on the string, it will be violently agitatedJ 
or thro^vn off if placed on the middle of a ventral seg — 
ment, but at the node will ride quietly as though the ^ 
string were at rest. The sounds thus produced are termed - 
HarmonicB. 



Coexistence and 
6upcr[)Ositi6n of 
small motions; 



Its application 
illostrated ; 



Explanation ; 



Kesults 
conflnned by 
<ixperience. 



Fig. 61. 



a- 




§ 100. But further, according to the principle of the 
coexistence and superposition of small motions, referred 
to in § 56, any number of the various modes of vibra- 
tion of which a cord is susceptible, may be going on 
simultaneously. 

Thus, if we suppose a 
mode of vibration repre- 
sented by figure (a), in 
which there is no node, 
and another of the same 
cord represented by figure 
(J), with one node, to be 
going on at the same time, 
there will be a resultant 
vibration represented by 
the cm've in figure (c), of 

which the ordinates are equal to the algebraic sum of the 
corresponding ordinates of the curves in figures (a) and 
(J). If a third mode of vibration, represented by figure 
{d)^ be superposed upon the other two, there will arise a 
resultant vibration represented by the curve in figure (€), 
of which the ordinates will be equal to the algebraic 
sum of the corresponding ordinates in figures (a), (J) and 
(^), or, which is the same thing, the algebraic sum of the 
corresponding ordinates of figures (c) and (^). 

This is also confirmed by experience. It was long 
known to musicians, that besides the fundamental note 
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of a string, an experienced ear could detect in its sound, narmonio 
when in motion, especially when very lightly touched ^®^^®' 
in certain points, other notes related to the fundamental 
one by fixed laws of harmony, and which are therefore 
called harmonic sounds. They are the very sounds that 
may be heard by the production of distinct nodes as ex- 
plained in §99, and thus insulated as it were from the 
fundamental and other coexisting sounds. 

§ 101. The MonocJiord is an instrument adapted to ex- ihemonochord; 
liibit these and other phenomena of vibrating strings. 
It consists of a single string of catgut or metallic wire 
stretched over two fixed and well defined edges to- 
wards its extremities, which effectually terminate its 
vibrations in the direction of its length ; one end is 
permanently fixed, and to the other is attached a 
weight which determines the tension. The interval be- Easentiai parts; 
tween the two edges is graduated into aliquot parts, 
and the instrument is provided with a movable hridge 
or piece of wood capable of being placed at any 
point of the graduated scale, and abutting firmly against 
the string so as to stop its vibrations, and divide it into 
two equal or unequal parts, as the case may be. 

By the aid of this instrument may readily be found its nae; 
the number of vibrations which corresponds to any given 
note of any particular instiniment, as a piano-forte, for in- 
stance. To this end, it will only be necessary to know, 
wlien the note of the monochord is the same as that of the 
instrument, the distance L between the edges, the 
stretcliing weight, and the weight of a unit's length 
of the string. The quotient obtained by dividing the ^ 
former of these weights by the latter will give the va- * 

lue of 2 Z^, in Equation (37), and making T^ equal to one 
second in that Equation, we have for the solution of the 
question 
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- I., ..r 'I III-. «rl\<-i tlir iinnibiT of impulses made upon the ear 

'"'■ ' ill :i .iii.mL corri'^pojnliii^ to tlie luiulamental note. To 

.....Ml (iIiImIii llii- iiiimluT which answere to any note ^ZiffTy^r, 

/i/'v////', «»r wutvi* (/fufv, we have but to apply the bridge 
mill I liili" it ti» sniiii* position sucli that the portion of 
\\\r iiMil brtwt'iii it and one of the edges gives the 
Hull* ill niu'stinn; the scale Mill make known Z, ^hich 
III r.|n:ili.»n \,l-J), will pve the number iV". 



It II III. ■•■!.■ I<MII I 

,.....).,. ,.1 1 I 

■ 11 1 1 1 til 

I ■ 



•' M>*». Tlio eontaet of a stretched cord with solid tmb- 
.t;inri-. i. 111'! iho oidv means of producing its fimdameih 
\i\\ i\uy\ \\:\\'\\w\\\c ii»:ic<. The sonorous i»ul>es prciceed- 

""'' " ' in.« \\*K\\ i\ \\bvi\:\\\-:: i-'rd are but the eonsetjizences of 

uMs;\"...'. *'. ".:'\:> I'.v.Tv;.:! lae i-la-iie K«reo oi the cord 
x..\ \\..\. , \ /\^ iV.v, Tlu- :'.r::;j.-r inipros^e? ui-r-n the air 

• ' V -■--.-■ ... •''■■t| T"-i"* 1^ ^t^T iiV iti 

,■ X .. _. '.^.•. ^>: :..i- : r-:--:-^-. I:.:3'r«:->?' ii]-'n 

... ^^»»i ^ 

»■ ^. , . . v.. .■-■...', >V,.^"-. ."T fi >Trv'r."I.;ir': COrU T'J 
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its first motion, and thus made to tmdergo the same 
round as before. 

This process beinff repeated a number of times, the„ , 

5 ° -^ ' Synchronal 

cord will be set in full and audible vibration. But vibrations; 
these vibrations will obviously be synchronal with the 
aerial pulsations^ and therefore^ with the vibrations of 
the shorter cord, a condition that can only be fulfilled by ^ ,/, , 

' *^ «' Longer cord is In 

the longer cord breaking up, as it were, into portions effect broken up; 
of which the lengths are equal to the length of the 
shorter cord; for, the tension, diameter and density, of 
the cords being the same, the times can only be 
equal. Equation (38), when the vibrating lengths are equal. 
All motions of the longer cord which are inconsistent 
with this, though they may be excited for the moment 
by one pulsation, will be extinguished by the subsequent 
one. Hence, if two cords can have any mode of vibra- 
tion in common, that mode may be excited in either 
of them, and that only, by exciting it in the other. For 
example, if two cords, in all other respects alike, have 
lengths which are to each other in the proportion of 
2 to 3, and if either be set in motion, the mode of luustration. 
vibration corresponding to a division of the first into 
two and of the second into three ventral segments, will, 
if it exist in the one, be communicated by sympathy to 
the other. Indeed, if it do not originally exist, it will, 
after awhile establish itself; for, all the circumstances 
which may favor such a division, however minute, will 
have their effect preserved and continually accumulated, 
and thus become sensible. 

And it is important to remark that whether the primi- 
tive portion disturbed be large or small, whether it occu- 
py the whole string at once or run along it like a bulge ; 
whether it be a single curve, or composed of several ven- 
tral segments with intervening nodal points, we must not 
forget that the motion of a string with fixed ends is nOgtj.jj,g^?tijfl3j,j^ 
other than an undulation or pulse continually dovbled hack ends is analogous 
wpon itself^ and retained within the limits of the cord stained within 
instead of running off both ways to infinity. certain umiti 

8 
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vibraaons § 103. It is vciy seldom that the vibrations of a stri 

to S^rruTo""'"^ can lie in the same plane. Tliey most commonly consL 

plane; of rotations more or less complicated, except when pr^ 

duced by the sawing of a bow across the string. 

actual orbit described by any one molecule may be ma 

matter of ocular inspection by throwing the solar ray 

through a narrow slit so as to fonn a thin sheet of Kgh 

OrbitMioscribod A polished wire stretched in such manner as to penetrat 

by imrtuios may ^jj[g slicct at right auglcs, will appear, when stationary, a 

a bright spot where it pierces the light, but when in m 

tion, the point of intersection will form a continued lumi 

nous orbit, just as a live coal whirled roimd appeal's like 

circle of lire. The figures exhibit specimens of sn 

orbits observed by Dr. Young. 

Fig. 62. 
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bevlwurvod; 



e 
e 

'8 



S 




V|IVOlllU*U^ 





\ 










Q) 




XUUJ.VTlNt; COLUMN OF AIR OF DEFINITE EXTENT. 



\«*«Hii,.. jj 10 1. TUo oircumstanees of the molecular vibrations 

?''!""" \'\* v'l' J> s^Mviv'hod oonl o( indotinito extent, are, as we have 

NOvMu i.iiuilar tv^ ilu\<o of a sounding column of air; and the 

tih*^i wliiv'h iuiYO boon stated rosjx^cting a vibrating cord 

iiro \\iuallY truo v^f a vibrating eolmnn of air of definite 
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Fig. 68. 





Thus, if such a cylindrical 
column be enclosed in a pipe 
AB — L^ stopped at both 
ends by immovable stop- 
pers, and an impulse be com- 
inunicated in the direction 
C A^ 4;o one of its sections C, 
at the distance AC=l^ from 

the end A^ and B C—l\ from the end B^ this impulse 
will, § 69, give rise to two pulses running in opposite 
directions. In the pulse from (7 to ^ the air will be con- 
densed, and in that from C' to JS it will be rarefied. 
These pulses will be reflected at the stoppers, and the 
condensed pulse, after passing over the distance I be- 
fore and I ' after reflexion, wull meet the rarefied pulse 
at the distance I from the end JB, and produce a com- 
pound agitation in the section C similar to that of the 
original disturbance ; thence the partial pulses will sepa- 
rate, and after each undergoing another reflexion will 
unite in their original point of departure, constituting, 
as it were, a repetition of the first impulse, and so on, 
till the pulses are destroyed by the gradual transmis- 
sion of the whole of their living forces through the sub- 
stance of the tube to the open air. 

If the section first set in motion be maintained in a 
state of vibration synchronous with the return of the 
reflected pulses, it will unite with and reinforce them at 
every return, and the result will be a clear and strong 
musical sound, resulting from the exact combination of 
the original periodic impulse with its echos. 



Tube closed at 
both ends, 
containing air; 



Impulse 

communicated to 
a section in 
direction of the 
length of the 
tube; 



Two pulses will 
be started 
running in 
opposite 
directions ; 



Pulses gradually 
destroyed. 



Consequence of 
maintaining in 
vibration the 
section first 
disturbed. 



Fig. 64. 



§ 105. . Let us suppose the 
section first set in motion and 
so maintained, to be exactly 
in the middle of the pipe. 
Then, when once the pe- 
riodic "pulsation of the contained air is established, the 
motion will consist of a constant and regular fluctu- 



Middle sectioc 
maintained in 
vibration ; 
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pose a vibrating body to be inserted whose vibrations And a vibrating 

are executed in equal times witli tliose in which th6^^'^>^^"^^®^"<'^^"' 

exciu'sions to and fro of the included aerial sections 

are performed in the stopped pipe. Its vibrations will 

"be communicated to those of the contained air, the 

latter will be maintained and strengthened, and the 

Bouud from the pipe will become full and clear. Such Embouchure. 

an aperture is called an erribouGliure, 

Next conceive one-half one half of the 

^ G, of the cylinder A B, '^ "• tlt^Z" 



disc; 



C M 



to be removed, and in its 
jlace a disc substituted ex- 
actly closing the aperture, 

snd maintained by some external cause in a state of 
constant vibration, such, that the performance of one 
complete vibration, going and returning, shall occupy 
as much time as a sonorous pulse would take to tra- 
verse the whole length of the stopped pipe A B^ or 
double that required for the half pipe A C. Its first 
impulse on the air will be propagated along the half 
pipe C A^ and reflected at the stopped end A^ and will 
again reach the disc just as the latter is commencing 
its second impulse. But the absolute velocity of the 
disc in its vibrations being excessively minute compared 
with that of sound, the reflected pulse will undergo a 
second reflexion at the disc as though it were a fixed 
stopper. It will, therefore, in its return exactly coincide Reflected puise 
and conspire with the second impulse of the disc, and ^^^" ^®'"*^^^® 

■*■ ^ •*• ^ •' with the second 

the same process being repeated at every impulse, each impulse of the 
will be combined with all its echos, and a musical tone ^^' *°*^ ^ ®"' 
will be drawn from the pipe vastly superior to that 
which the disc vibrating alone in the open air could 
produce. This is the simplest instance of the resonance 
of a cavity. N^ow, it is manifestly of no importance Resonance of a 
whether the pulses reflected from the closed end A oi^^'^' 
the semi-pipe undergo a second reflexion at the disc 
and are so turned back, or whether we regard the disc 
as penetrable by the pulse, and suppose the latter to 
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II mil on and be reflected at tlie extremity B of the otheT 
, half of the entire tube, and on its return again to pass 
freely through the disc and be again reflected at tlie 
end A. The eouild will be the same on the princlpl© of 
the superposition of vibrations. Thus the fundamental 
sound of a pipe open at one end is the same as ttiat 
of a pipe closed at both ends and of double the lengti, 
and has the same pitcli as that due to waves propa- 
gated in the open air, and of which the length of each is 
four times the length of the jjipe open at one end. 

§ 107. The mode here supposed of exciting and ens- 
taining the vibrations of a column of air in an open tube 
may easily be put in practice. Take a common tuning- 
fork and by means 
of sealing wax fas- 
ten a circular disc 
of card on one of its 
branches, sufficient- 
ly large to nearly co- 
ver the open end of 
a pipe. The upper 
joint of a flute with 
the mouth hole stop- 
ped will answer well 
for the purpose ; it may be tuned in unison, that is, 
made of pi-opcr length by the sliding stopper. The 
fork being set in vibration by a blow on the unloaded 
brancli, and held so as to bring the disc just over the 
mouth of the pipe, a note of great clearness and strength 
will be hoard. Indeed, a flute may be made to "speai^^ 
perfectly well by holding a vibrating tuning-fork close 
to the embouchure, while the fingering proper to the 
note of the fork is at the same time performed. 



§ 108. But the most usual method of exciting the vibrar 
tions (if a column of air in a pipe is by blowing across 
tlie open end, or across an opening made in the side 
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rig.«. 



- or by introducing a current 
of air into it through a small 

■ aperture of a peculiar con- 
struction called a "r««(?," 
provided with a " tonfue^^ 
or flexible elastic plate which 
" nearly stops tlie aperture, 
and which is alternately 
forced away by the current 
of air and brought back by 
ite own elasticity, thus pro- 

- ducing a continued and regularly periodic series of in- 
terruptions to the uniformity of the stream, and a sound 
m the pipe corresponding to their frequency. 

Except, however, the reed be so constructed as to be in Oondiut 
unison with some one of the possible modes of vibration '"'""'^ 
of the column of air in the pipe, the sound of the reed 
I only will be heard, the resonance of the pipe will not be 
called into play, and the pipe will not speak ; or will 
speak but feebly and imperfectly and yield a felse tone. 



pipe prodoced bj 




§ 109- Let us consider what takes place when the vi-EtftctofWowin^ 
brations of a column of air are produced by blowing ^"^ ^ pipT" 
across the open end of a pipe or an apertui-e in the 
side. The current of air being so directed as to graze the 
opposite edge, a small portion will be caught and turned 
aside down the pipe, thus giving a fii-st impulse to the 
contained air and propagating down it a pulse in which 
the air is slightly condensed. This will be reflected at 
the end as an echo and return to the aperture where the 
condensation will go off, the section condensed expanding 
into the free atmosphere. But in bo doing it lifts up and 
for a moment diverts from its course the impinging cur- 
rent, and thus suspends its impnlee upon the edge of the 
aperture. The moment the condensation has escaped '^ p™""*""" 
the current resumes its former course and again "j^"",^; 
t^raches the opposite edge, creates there a second conden- 
sation and propagates down the pipe another pulse, and 
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both ends ; 



musical sound. The column of air vibrates in the mode ^""^^ *" *^^® 

, , , middle of the 

represented in the figure, in which there is a node in entire segment 
the middle, and each ventral segment is only half a 
complete one. 

§112. To find the time of vibration or the number ripe open at 
of vibrations in a ffiven time 

° Fig. 71. 

corresponding to any mode of — 

vibration, denote by m the "" 

number of nodes in a pipe 

open at both ends; the number of complete ventral 

segments between them will be 

^ ^ Number of 

'* 5 complete ventral 

segments; 

and denoting the length of the pipe in feet by Z^^, the 
length of each complete ventral segment will be 



T Length of each 

/y • . 
% segment; 

m 

m 

and denoting the velocity of sound by Fj and the time 
required for the sonorous pulse to traverse one seg- 
ment by T^ we shall have 

-| ▼• Time of 

T z=z -- • ^' (43"\ describing one 

TTh V segment; 

and this is the time of vibration of the middle section 
of the segment to which the sound corresponds. 

The number of vibrations per second being iT, there 
will result 

1 V 

i\r=: — =z= m . -_ (44)Numberof 

■*■ -^y/ Tibrations in a 

second; 

and the pitches of the series of tones which the pipe 
can be made to deliver will be expressed by the values 
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1 14. Lastly, in the case of a pipe stopped at both ^jpe closed at 



ends, the number of nodes, in- 
cluding the two ends, being m, 
the number of ventral segments 
will be m — 1 ; the length in 
feet of each will be 



Fig. 7a 



both ends; 



-6 > <, * 



m-V 



Length of each 
segment; 



the time, 



T— ^ ^// . 
m-1 F' 



Time of 
(47) describing one 
s^^ent, 



and the pitch, 



N={m-l).l-; 



Pitch, or nnmber 
(48) of vibrations 
per second; 



and the series of pitches, 



1 -2 -8 -Ac 

A/ Ay Ay 



(49) 



Series of pitchefli 



Taking, therefore, the number of vibrations performed 
in the fundamental note in one second as unity, the series 
of harmonics will run thus : 



In a pipe stopped at both ends . 1, 2, 3, 4, 5, &c. senes of 
" " " open at both ends . . . 1, 2, 3, 4, 5, &c. harmonics. 

" " " stopped at one end and ] o k /r a ^ 

open at the other \ I5 3, 5, 7, 9, &c. ; 

it being recalled that. Equations (44), (46), and (48), in 

the last series, the fundamental note is an octave lower These sonnds 

than in the other two. produced by 

To produce these sounds by blowing into a pipe, it pipe; 






1x1 jj.l . -r : ?ZY. 






--_ JL T zi i? j-rii:l-r a Mast as 

.•.-■..-' 1 - Tr_ ±rr-" ':»r lrar«I. which 

„i -- ill -i'^!::!!- 1: ^rarts up an 

• - -.- .ir-.L-iL ':»rrvrez. nores whose 

"V . _~ i'ij."Tir^ an orsan- 

.1 ■- _.:_"_ ■_ ; i-.TcS rvT-'rir^ented 

_ r . 1* _:;■': Tii'Ll-r-Vin of a vibrs^^' 
: :•. . : "Li V_l?: increase? is ob^^" 

. ::■; . _: : j^ :? n:: >:• easilv tttrrx^^ 
. -- 1 -"- ~ -Hr- ai-i when thro"*^^ 

.'>v.:". —-11 iLziiliic more rapidJ-J* 
.:.L.rJij tIt : r:^^ :: :Iie blast a g^^ 
-"_!:__ :lv iTLTTr::: .'■jrt.v.f be divert^ 

r--V-ri. :: :: iLs e-f./iw^y as reqnir^" 

:: :_: : n loiiir-ral note, and tb^ 



fcr, i'. . ■ r ■•■.''. 



- • •*» 



-i .: 11.'. ^...it i: > :_-:- i'r t„:o:i :? the sounding bodv 

.z :lie 2-ye. app-oars from the 
or other peculiarities of 

-. -rr, rL.ii-j :::• •^i^vroLoe in rhe tone in remrd to 

p!:«':;-. A pir^e •::* pi^yvi-r. le;i-.:, glass, or wood, of the 
^a::;o -lizr.e :>:•:•::>. give-. u:.»ler the same circimistances, 
\\7.r.r^-:on. the •;£;::. e pircli. The oK'-zZtV-V-* of the tone are often 
d::T'_-re:it. tut this is owing to the feeble vibrations of 
the m-jleciiles of the material of the pipe produced by 
those of the contained air. 

§ lie. Putting the two values of JX] in Equations (4:1) 
and (40), equal, we find, 



EqnaUon. 2m — 1 V __ 71 W 2 g Z^ 



2 A/ 2 Z 
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whence 



■y U Lj^ *^ ^2i g It^ /'Kn^ ^^^^'^'^ of sound 

2m— 1 L ^ ' 



and making m and n each unity. 



y^ L^^.>/2gL, ^^^^ Same reduced; 

I L 

which furnishes a ready means of finding the velocity 

of sound in any gas or vapor. For this purpose, fill a 

pipe of known length with the gas in question, and set 

it to vibrating by any proper means, so as to call forth 

its fundamental tone. Adjust the bridges of a J/i?;i<?- Practical use of 

chord so that the fundamental tone of its string shall formula. 

have to the ear the same pitch ; measure the length 

of the string between the bridges and substitute this 

length for L in Equation (51), and the velocity sought 

becomes known. It was by this method that Chladni, 

Yarxees, Frameyer and Moll ascertained the velocity 

of sound in various media. 

For a detailed account of the sti'ucture and manage- -^^co^n* of pipe^ 

reeds, Ac 

ment of the embouchures of pipes, and a vast amoimt 
of interesting matter on the subject of reeds, &c., &c., 
the reader is referred to Sir John Heeschel's most va- 
luable Monograph of Sound, articles 197 to 207, inclu- 
sive, as published in Yol. lY. of the Encyclopedia 
MetropoUtana. 
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VIBRATIONS OF ELASTIC RARS. 



Vibrations of 
bars: 



Transversal and 
longitudinal; 



Laws governing 
the pitcli in 
transversal 
vibrations; 



Means of 
producing these 
vibrations in 
bars. 



§ 117. Bai-s of a cylindrical or prismatic shape are 
susceptible of sonorous vibrations as well as cords, and 
columns of air. But as such bodies are nearly equally 
elastic in all directions, transversely as well as longitu- 
dinally, their vibrations do not obey the same laws as 
those of strings. Transversal vibrations may be excited 
by striking a bar crosswise, and longitudinal vibrations 
by striking it in the direction of its length. 

In bars made of the same substance, the acuteness 
of the pitch in transversal vibrations is directly as the 
thickness, and inversely as the square of the length of 
the bar. In bars made of differient substances, it is 
found that the degree of the body's elasticity greatly 
influences the character of the pitch ; thus steel gives a 
higher pitch than brass. 

To produce these vibrations, the bar may be either 
secured at both ends, or its ends 
may be made merely to rest on 
some fixed objects ; or one end 
may be fastened while the other is 
free, or lastly, both ends may 
be free, the rods being support- 
ed at two points. 

We have an illustration of 
these kinds of vibrations in the 
jews-harj), musical boxes, &c. 



Fig. 74. 



JJMJtJJrmHHWMfeg 



.imMMmi^^! VFr:)m> 



^^^ji'ium^^A^j^jH^^^ 



Longitudinal 
vibrations in 
bars; 



§ 118. When a bar is struck upon one of its en^s in 
the direction of its length, the blow wiU give rise to a 
condensed pulse, which will proceed towards the other 
end like that of a column of air. It will be reflected 
back and forth alternately at the two ends, according 
to the principles of § 106 and § 107, and this will con- 
tinue till its living force is wholly transmitted to tho 
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air and wasted in space. If the rod be of glass, the som rods give 
sound emitted will be extremely acute unless its length ^undsoi^ 
be very great; much more so than in the case of a columns of air; 
column of air of the same length. The reason of this 
' is, the greater velocity with which sound is propagated 
in solids than in air. When the bar is short the re- 
: flexions at the ends, which determine the successive 
. impulses upon the air and therefore the pitch, succeed 
each other with great rapidity. The velocity in cast 
iron, for example, being 10 ^ times that in air, a rod ^'^^ ®*®®^' *^- 
■ of this metal will yield a fundamental sound when lon- 
' gitudinally excited, identical with that of an organ-pipe 
. of y^^j of its length, stopped at both ends, or ^\ of its 
; length, open at one end. 

' The laws of longitudinal vibrations have nothing in 
- common with the transversal, except that the acuteness Laws of 
' of the sound emitted varies inverso^ly as the length of ^"""^itadinaiand 

/.•,.-,. 1. rr^^ 1 transversal 

. the bar, the reason of which is obvious. The sounds vibrations differ; 
produced by the longitudinal vibrations are, without ex- 
ception, higher than . those yielded by the transverse 
vibrations of the same body. They are little if at all 
influenced by the thickness, or, in the case of wires of 
considerable thickness, by tension. As in the case of 
transversal vibrations, the sounds emitted from bars of 
equal dimensions depend upon the nature of the ma- 
terial. 

Longitudinal vibrations may be generated in elastic 
bars, by holding them in the middle between two fin- 
gers, and rubbing repeatedly one 
of the ends with the fingers of 
the other hand. In experiment- 
ing on glass tubes the friction- 
apparatus represented in the 
figure will be found convenient : 
a, a, are two pieces of wood hol- 
lowed out, having their cavity 
padded with cloth or leather ; 



Fig. 75. 
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much as the surface is divided into a greater or less num- 
ber of perfectly symmetrical parts, and such as are con- 
terminous, vibrate in oj^posite directions. 

The boundary lines of these several parts are all in a chiadni's 
state of repose, and form nodal lines ; their position Je- "*°°'®^ ^^^*'"''' 
pends on the places at which the plate is held and ex- 
cited, as one of these nodal lines invariably runs through 
the point at which the plate is held, whilst the plate itself 
receives the vibratory motion at the other point. These 
lines form certain peculiar jRgures, called, after their dis- 
coverer, Chladni's Sonorous Figures. 

To make these fio-ures visible, and to render them per- ._ . , , 

o ' ^ Means of making 

manent, strew some light sand or dust over the plate; these visible; 
they may also be seen if a small quantity of water be 
pom'ed on the plate, nay, even by the rays of light 
falling on it. Wheatstone remarks that, in using the 
last-named mode, still more delicate divisions in the 
figures were observable. 

These sonorous figures are composed sometimes of Their shapes 

• i,i» ,• /» •.! nii^ depend upon 

right Imes, sometmies oi curves either parallel to or ^j^^g^ ^^^ ^j^^ 
intersecting each other. Tlie shape of the plate greatly piato; 
affects them, as they are differently arranged, accord- 
ing as it may be a square, a rectangle, a triangle, a 
circle, an ellipse, or some other figure. A perfectly dis- 
tinct' and well-defined figure is produced only when the 
plate gives a very clear sound. 

By experiments made on such plates the followino- Laws; 
laws were detected by Chladni: 

1. Any particular pitch will always produce the same 
figure with the same plate; but a small change may 
often be produced in the figure by slightly changing 
the place at which the plate is held without causing 

any difference in the pitch. If the pitch be changed, rirstiaw; 
the existing figiu^e disai)pears at once, and a new one 
arranges itself. 

2. The gravest pitch any plate gives is accompanied 

by the simplest figure, and the higher the pitch the more second law; 
complex the figure, i, e. the more nodal lines there will be. 

9 
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If the large square plates be held at a^ touched at a\ Particmarcase; 
and a bow be drawn across at J, similar compound fig- 
ures will be generated. 

Cymbals^ the Chinese Tam-tam or Gong^ &c., are prac- Examples; 
tical applications of sonoi'ous plates. 

§121. The vibrating motions of sonorous bells resem- sonorous beiis; 
ble those of circular plates. In this case, too, the 
most acute pitch is accompanied by the most complex 
figure. 

To render these vibrations visible, fill a bell-shaped 
glass rather more than half full of water ; draw a vio- 
lin bow across the rim, and at the same time touch the 
glass at two opposite points of the rim with the fingers. 
The surface of the water will acquire an undulatory mo- Means of making 
tion, and to make the sonorous figures permanent, strew fi^c^^^es v^Xie- 
the surface of the water with any light and exceedingly 
fine powder, as semen lycojpodii. If the point excited 
by the bow be at a distance of 45° from that touched 
by the finger, a four rayed star marked III. of the last 
article will result; but if the distance be 30°, 60°, or 
90°, the six-rayed star, marked IV., will apj^ear. 

Such a cup gives musical sounds when rubbed with the ^^^^ . ^ 
moistened finger. The vibrations of the glass in this musical sounds. 
case result from torsion, and this is the principle of the 
well known finger glass. 



COMMUNICATION OF VIBRATIONS. 

§ 122. The numerous experiments of M. Savaet abun- communication 
dantly show that the molecular motions of one body are ^^ molecular 
communicated to another, when there exist between them 
any intervening media, and this the more effectually as 
the connection is the more perfect. But not only this ; 
they also show that the molecules of the neighboring 
bodies are agitated by motions both similar in period and 
parallel in direction to those of the original source of mo- its peculiarity; 
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tion. Of these exporiinent< wo have only room for snch 
as have a direct bearing ujxjii the nature and structure of 
our orirans of hear in <r- 

^ 123. Take a thin membrane, moistened tissue paper 
will answer every purpose, and stretch it orer the mouth 
Exp*rirnftnta] f^f ^ commoii bowl or fiuijer <rlas?, place it in a horizontal 
position and strew fine sand over its surface. Hold a glass 
plate, covered with fine sand or dust, horizontally and di- 
rectlv over the membrane, and set it in vibration so as to 
form CiFLADxi's acoustic figures ; these figures will be im- 
mediately and exactly imitated in the sand on the mem- 
KflirMwhr-nthe brane, and this will be the case to whatever lateral posi- 
jfiawami ^j^^j^ ^^itliiu tlic Sphere of sufficient action to move the par- 

1114; mil rone arc 

iiftraiifci; ticlcs of saud, tlic phitc may be shifted, provided it retain 

its parallelism to the membrane. 

Kffect wiun § ^ -^- ^^^^ iustcad of shifting the plate laterally, let its 

\nr.]\iu-<\u,oue plane be inclined to the horizon. The figures on the 
m(}ml)rane will change though the vibrations of the plate 
rciinain unaltered, and the change will be greater, the 
greater the inclination of the plane of the plate. And 
when it becomes perpendicular to the horizon and there- 
fore to the surface of the membrane, the figures on the 
latter will be transformed into a svstem of straio^ht lines 

whiTi' parallel to the common intersection of the two planes; 

pcnxjndiciiiar to .^,j^] ||j^ particlcs of sand, instead of dancing up and down, 

ono another; .,, , , -., . it ^^ 

Will creei> m opposite directions to meet on these lines. One 
of these lines always passes through the centre, and the 
whole system is analogous to what would be produced 
by attaching a cord to the centre of the plate, and, 
having stretched it very obliquely, setting it in vibration 
Whftn HhifiiMi by a bow drawn parallel to the sm-face. In a word, the 
uu-mUy; vibratious of the membrane are now parallel to its sur- 

face, and they preserve this character unchanged, how- 
ever the plate be shifted laterally, provided its plane 
whmith«'i,iut(5iHbe kept vertical. If the plate be made to revolve about 
nivoivj..! tti)out 11^ viirtical diameter, the nodal lines on the membrane 

Km v«rtlful ' . 

diuiiMjier. will rotate, following exactly the motions of the plate. 
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§126. Nothing can be more decisive or instructive inference; 
^han this experiment. It shows us that the motions of 
he aerial molecules in every part of the spherical wave 
propagated from a vibrating centre, instead of diverging 
i^e radii in all directions, so as to be always perpen- Principle of 
(ficnlar to the wave surface, may be parallel to each Yi^^^ion- 
oiher and to the wave sm'face. The same holds good 
ia.' liquids also. 



. § 126. So long as the sound of the plate, its mode of 
'wbration, its inclination to the plane of the membrane, 
id the tension of the membrane continue imchanged, 

nodal figure on the membrane will continue the Condiuons to 
e ; but if either of these be varied, the membrane *"^"® . 

" ' permanence of 

jrill not cease to vibrate, but the figure on it will be figure; 
jjJiaiiged accordingly. Let us consider separately the 
pflfects of these changes. 

■ m 




§ 127. All other things remaining the same, let the 
^tch of the sounding plate be altered, either by loading Diflrerence 

or changing its size. The membrane will still vibrate, J^gnj^^* and 
^/^ering in this respect from a rigid lamina^ which ca^ rigid lamina; 
[ipfiZy vibrate ly sympathy with sounds corresponding to 
own svhdivisions. llie membrane will vibrate in sym- 
ly with any sound, but every particular sound will 
^le accompanied by its own particular nodal figm^e, and 
I ie the pitch varies, the figure will vary. Thus, if a slow 
p«r be played on a flute near the membrane, each note lustration. 
^ call up its particular form, which the next wiU efface 
tD establish its own. 



1 128. Next suppose the figure of the plate so to vary ^^^^^^g^^ 
V to change its nodal figures; those on the membrane of the piate; 
inD also vary ; and if the same note be produced by dif- 
hfCQt subdivisions of different sized plates, the nodal 
Sgmee oa the membrane will also be different. 



134 



NATURAL PHILOSOPHY. 



Effoct of clmngo 
of tcDHion ; 



Effect of 
moisture 



§ 129. If the tension of the membrane be varied ever 
so little, material changes will take place in its nodal 
figures. Hygrometric variations are sufficient to produce 
these changes. Indeed, the fluctuations arising from this 
cause were so troublesome in the case of tissue paper, 
that it became necessary to coat the upper surface with a 
thin film of varnish. By far the best substance for ex- 
hibiting the results of these beautiful experiments is var- 
nished paper. Moisture diminishes the cohesion of 
the fibres, and renders them nearly independent of each 
other, and sensible alike to all impulses. 



lines; 
Inference; 



§ 130. Between the nodal lines formed by the coarser 
particles of sand, others are occasionally observed, formed 
only of the finest dust of microscoj^ic dimensions. This 
Secondary nodal is a most important fact, as it goes to show that difie- 
rent and higher modes of subdivision coexist with the more 
elementary divisions which produce the principal figures. 
The more minute particles are proportionally more re- 
sisted by the air than the coarser ones, and are thus 
prevented from making those great leajDS which throw 
the coarser ones into their nodal arrangement. They 
rise and fall with the greater divisions of the surface, 
and are only affected by those minute waves which 
have a smaller amplitude of excursion and occur 
more frequently, and form their figures as though the 
others did not exist. These secondary figures often ap- 
pear as concentric rings between the primary ones, and 
frequently the centre of the whole system is occupied 
as a nodal point. 



Kx))1anation ; 



Sensibility of 

some 

membranes-; 



Exploring 
mombranea 



§ 131. So sensitive are some varieties of stretched mem- 
brane to the infiuence of molecular motion that they 
have been employed with success in detecting the ex- 
istence and exploring the extent and limits of the most 
delicate, continuous and oppositely vibrating portions of 
air. When so employed they are called exploring mem- 
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hranes. The most liigUy interesting application of the Application of 
properties of stretched membrane is in the " memhrana *^® p^op^^^s of 

^ ■*■ ^ stretched 

tyTiVpanV^ of the ear. membrane; 



Fig. 79. 









Iliostratlons; 











Illustrations; 



THE EAR. 



§ 132. The auditory apparatus, called the ear, is a ^^^^^^ ^^ 
collection of canals, chambers, and tense membranes, of the ear; 
whose office is to collect and convey to the seat of 
hearing, the vibrations impressed upon the air by sono- 
rous bodies. 

Beginning on the exterior and proceeding inwards, 
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LabTTtuthi 




we find a cartilaginous funnel A A, called the i 
a canal 5 J, called the 
auditor!/ ^"''^t leatliug to Fit eo. 

an interior chamber 5^, 
called the cavit'j of the 
drum ; and behind this a 
system of canals of con- 
siderable complexity, call- 
ed the lalynnth, consists 
ing of three semi-circnlar 
tubular arches m, m, m, 
originating and tenninat- 
ing in a common hall ti, 
vesuboio; Called the vestibule, which commimicates with the cavity 
FenfsiTKovaiia of thc drum by asmall opciiing ?, caHnd the fenestra oralis, 
anaeaa ei, ^^^ .^ pj-^j^uggij {jj (-[jg QpiMsitc direction into a spiral 
cavity o, called the conchlea. The auditoiy duct ia closed 
at its junction with the canity of the drum by a tense 
DiiunofOiewrimembrane r, called the drum of the eai-, as is also the 
fenestra ovalis hy a similar membrane. The whole ca- 
vity of the labyrinth is filled with a liquid in which are 
Anditoij nerve; immersed the branches of the auditor}/ iierve, wherein 
is supposed to reside the immediate seat of the first im- 
pression of sound. "Within the cavity of the drum are 
four small bones imited by articulations so as to form a 
HMnmer, myii, continuous cliain ; the fli'st /", is called the hammer, the 
lauandstitrnp; ^^^^^^ ^^ ^j^^ ^^^^j^ ^j^^ ^j^j^.^^ -^ ^j^^ j^^^^ ^^^ Orbicularis), 

and the fourth h, the stin-up, from the resemblance which 
its shape beare to that of thc common stimip. The han- 
dle of the hammer is attached to the drum, and the 
stirrup to thc membrane which closes the fenestra ova^ 
lis ; and thus the aerial vibrations, first collected by the 
funnel-shaped wing of the ear, and transmitted through 
the auditory duct to the dmm, are conducted onwards 
by the articulated bones to the auditory nerve in the 
labyrinth, which Teceives thera at the window of the 
vestibule. Tlie cavity of the drum is connected with that 
f the mouth by a canal d, called the Etistachian tube-. 
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which serves to keep the cavity of the drum filled with its use. 
ah* of uniform density and temperature ; a condition which 
appears to be necessary in order that the different parts 
may 23erform their functions with accuracy. If this be 
stopped, deafness is said to ensue, but as Dr. Wollz\.ston 
has shown, only to sounds within certain limits of pitch. 
If the membrane which closes the labyrinth be pierced peafness 
and its fluid let out, complete and irremediable deaf- pro<iucc<L 
ness ensues. From some experiments of M. Flourexs 
on the ears of birds, it appears that the nerves en- 
closed in the several arched canals of the labyrinth have 
other uses besides serving as organs of hearing, and are other uses of th© 
instrumental, in some mysterious way, in giving animals "^'^^^^^^^ 
the faculty of balancing themselves on their feet and 
directing their motions. 



car. 



MUSIC, CHORDS, INTERVALS, HARMONY, 
SCALE AND TEMPERAMENT. 



Circumstances 
our 



§ 133. Our impression of the pitch of a musical soimd tbj ^^ct 
depends, as we have seen, entirely upon the number impression of a 
of its vibrations in a given time. Two sounds whose ™^'^^^"*"°'^' 
vibrations are performed with equal raj^idity, whatever 
be their difference in intensity and quality, affect us 
with the sentiment of accordance, which we call uni- 
8on^ and imj)ress us with the idea that they are simi- 
lar. This we express by saying that their pitch is the 
same, or that they are the same note. The impulses ^^^***'*^° 

I'll t 1 1 -I-. 1. sounds inunifion; 

wnich they send to the ear through the medium of 
the air, occurring with equal frequency, blend and form 
a compound impulse, differing in quality and intensity 
from either of its components, but not in the frequency of 
its recurrence, and we judge of it as of a single note 
of intermediate quality only. of twonotm 

But when two notes not in unison are sounded to-^*'^^^^ 

10 
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Concord or 
discord. 



getlier, most persons distinctly jjerceive both, and can 
sej^arate them in idea, and attend to one without the 
other. But besides this, the mind receives an impres- 
sion from them jointly which it does not receive from 
either when sounded singly even in close succession ; au 
impression of concord or of discord^ as the case may be, 
and hence the mind is pleased with some combinations, 
disj^leased with others, and it even regards many as harsh 
and grating. 



Music. 



Concordant 
sounds; 



Harmony, chord, § 134. The uuion of simultancous and concordant 
meiodj. sounds, 18 Called Harmony. Every group of simultaneous 

and concordant sounds, is called a Chord in harmony. A 
succession of single sounds makes Melody, To discover 
and discuss the laws of harmony and melody, is the object 
of musical science ; to ai)ply these laws to the production 
of certain effects in musical composition, is the object of 
musical art. Science and art, thus employed, constitute 
that department of knowledge properly called Music. 

Kow it is invariably found that the concordant sounds 
are those, and those only, in which the number of vibra- 
tions in the same time are in some simple ratio to 
each other, as 1 to 2, 1 to 3, 1 to 4, 2 to 3, &c., and that 
the concord is more pleasing the lower the terms of the 
ratio are and the less they differ from each other. 
AVhile, on the other hand, such notes as arise from vibra- 
tions which bear no simple ratio to each other, as 8 to 15, 
for instance, produce, when sounded together, a sense of 
discord, and are unpleasant. By the constitution of the 
ear, ratios in which 7 and the higher primes occur ai'e not 
agreeable ; why, cannot be told, but simplicity must end 
somewhere, and in music this seems to be about the point. 
This is the natural foundation of all harmony. 



Discordant 
sounds; 



Limit of 
simplicity in 
music 



§ 135. The relative effect of any two sounds is found 
to be always the same as that of any other two in which 
the ratio of the vibrations is the same. Thus sounds of 
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which the vibrations are respectively 12 and 18, produce componnd 
the same effect as those whose vibrations are 40 and 60, ^^ucJthr 

for Bome effect ; 

18 60 3 



12 40 2 ' 

and we say that according as the first and second sonnded 
together, are pleasant or unpleasant, so are the third and 
fourth ; also, if an air beginning on the first sound re- 
quire an immediate transition to the second, then, the 
same air beginning on the third wiU require an immediate 
transition to the fourth. 

§ 136. The relative pitch of two sounds is called auinteryai; 
interval. Its numerical value is expressed in terms of 
the graver sound, represented by the number of its vibra- 
tions in a given time, taken as unity. The value of j^^jj^j^^^^^ 
an interval is, therefore, always found by dividing the vaiae found; 
number of vibrations of the acuter note in a given time 
by the number of vibrations of the graver note in the 
Bame time ; thus, the interval of two sounds, one of which 
is produced by two and the other by three vibrations 
in the same time, has for its measm-e |. If 18, 
23, and 30, be the numbers of vibrations of three sounds Examples; 
in the same time, and we wish to find a fourth sound 
which shall be as much above the third as the second 
is above the first, we say, 

18:23::30:aj= ^2jL^ = 38^. 

18 ^ 

§ 137. Next to unison^ wherein the vibrations of the tvvo 
sounds are in the ratio of 1 to 1, the most satisfactory v*i>i*ationsin th# 
concord is that in which the vibrations are in the ratio 
of 1 to 2. The effect of this is not only pleasing, but 
it always gives rise to the idea of sameness; insomuch 
that if two instruments were made to play together in 
such manner that the sounds of the one should always 
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Give the be of twicc as many vibrations as the simultaneous sounds 

dTffertrrshrdcs ^^* ^'^^ other, they would be imiversally admitted to be 
of thesanicftir; jjhiyiug the samo air, with only that sort of difference 

which is heard when a man and a boy sing the same 

tune together. 

Two tense strin-s ^^^^^'j ^^^^^ ^ teuse striug, and call the sound emitted 
whoso vibrations froui it (7, aud, for tlio roasous given above, let the sound 

are in tlie ratio of i» , • j? i i i i.i i /» m j^« ^ 

jj^2. irom a string ol double the number ot vibrations be 

called 0\ Let us seek for the simplest fractions which 
lie between 1 and 2, up to the prime 7, and we shall 
find. 



3 

"25 



3? 35 



6. 

47 



6 

4 



3. fl 
29 59 



Series of and these, arranged in the order of magnitude, give, 

vibrations that r>. -, , ^ -, ^ .-, , 

will produce ^"^^* placing 1 and 2 on the extremes, 

ngreeable 

musical sounds. 1 JL * £ 3 6. Q 

A set of tense strings, or of pipes, so arranged that 
the first makes one vibration while the second makes f 
of a vibration, the third f of a vibration, and so on to 
the last, which makes 2, will emit sounds every one of 
which will be agreeable when sounded with the first. 

Sounds which § 138. But it is fouud that the frequent repetition of 
are pleasing and goimds which are vcry near to each other is not pleasing to 

those wliich are i.t iii^ , * m 

not so. an uncultivated ear, and that the Irequent repetition of 

sounds too far from each other is not pleasing to the 
ear after a little cultivation. 

Taking the intervals of the above series, we find 
that from the 



Examination of 
the above series; 



1st to 2d is I 
2d to 3d is 
3d to 4th is 
4:th to 5th is 
5th to 6th is 
6th to 7th is 2 



-T- 1 



5. 

4 

4. 

3 

3. 
2 

5. 
3 



6_ 
5 

5 

4 

3 

3 
2 

6. 
3 



& • 
6 9 

a 5 

¥4 

11 
1 5 

. 
8 9 

1 

6 • 
1> 
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The interval between the 1st and 2(1, and that between Defects in this 
16 6th and 7th are too great, while the interval between "^'^"^ ^^'''""^' 
le 2d and 3d is too small for frequent repetition. A 
ew sound must, therefore, be substituted for the second 
ne of tlie scale, and of such value as to increase the 
nterval between the second and third and diminish that Additions 
)etween the first and second, while an additional sound 
must be interpolated between the 6th and Yth. Denote 
;he first of these by x and the second by y, then will the 
jeries of ratios stand, 

1 /y» « 43 6 «/ 9 . Form of an 

■^5 '^J 4) 3) 2) 3) y5 ^J improved series; 

making seven in all, for the octave is but the same 
note with a different pitch. 

But upon what principle shall the values of these 
new sounds be determined, seeing we cannot have any Principles by 

, • 1 1 r» T i 1 T which the series 

more simple consonances with the lundamental sound ig jn^provcd ; 
whose vibrations are represented by 1 ? Tlie answer is, 
we must take those sounds which miiike tlie simplest con- 
sonances while they give with the remaining somids the 
pmtest numhe)^ of consonances. 
The consonance indicated by th6 interval from the 



4:th to 8th is 2 
5th to 8th is 2 
4tli to 6th is. f 



4 — 3 . 

3 2 J Consonances; 

3 — - 4 . 
2 3 9 

4 — 5. 
S" 4 • 



Now, let the sound a?, have between it and the 5th an First 
interval equal to that between the 5th and the 8th; then'^PP^^"^'"' 
viU 



(thence 



/M ~- £ . Oonseqnence; 

*" 8 5 



nd the first three sounds of the series will stand 1, f , f , ^"^^J^ 
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J- -_j "-.:.r «> *- LZ.L y. ilrrS'iy round in another pait 



L •■- ' - 



.il '.'tTx-'^zl the 5th and 7th be 
iir -r:l and •5di, and we shall 



1' 



___-... ji.THlui 









'i •■» i 



- - J *"*- 



-I "••- 



:i 



y and 2, and giv' 

I 14- bii'vh of which 

Seplacing x 



t. J 



I" :j.r:r ":l.-:.^>» -^z 2jit^ 



Ztu .::.■: seal*:: 






'.!l::STat:oi». 



i' . Jl , 



4 






•, ' .> 



X- 






:?_ • V 



N * • - 



■ t 






i , \ • V . ^. vr2inltiplyingby2i 

■ • X.-. J.-, x-i 



rti-. or :i:z-:r..i: A^i^y. TThen 
:. :.I1.~ eijli ocLer in order^ 

« 

L^ii,:, dZ'L all ci^^l'Vrd. nationa 
:: ll? die :ouZ.Ij.::i-:ii of their 



-.k - — 1 



..— .kW k « 



. V. 



XM-\.sj><:vi. 0' 



■ h.1 ^ 



■ * 



Ir'.U'j. :s. IV". I ■*•. :/.: fv-L':- is .'ill-:*: a ri.rt^^ iii«i r^es the 
r..v:':.: .r ^^c .v::.:* ■■;. v,«..:i:v:.v Lii'.-f ::: iiz-i iis place 
::: :::o .r-.ur -. c as;;\-:v:s> i:-. ci- T::.f riZ-'Lizienral note is 

--^ -.- • . > 1. .1-.'. I .-> ', L ...■. . . .A _i^...Lw —.«.».<? ;. ■ - . wV, tne 

— '..-0 •. _'.!>0 • ..-Jn. • I ."> .l-'J -, > . Ju. „':;'- X— J — « 1. -^ .>;S' a T.ttru 

m 

"! ""• V ■ ' "•!.■,— I -^^ ^1 • ■;< --* X .'i* ■ r* -•» '^•-■r,J • "^ ' C— "r«^on- 

--r :lio *:«.co -^iio^o v'Vru :!•:'> a:-j }. i;? -1. iz»i :: is a 
<:;i':li d^r^v- C. 'V\: >:li v:-rr}. "iin? viri'Iain^iLrrLl i:;:e. or 
C » >> calV«.l ail jrC'fVt Li'>. vo C. Ajt-I--^ wv? :Si^ -1, is a 
I'.uj'ii above K auii £1 i>a :<jurca jcI-.-w Jt* as wijcld be 
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manifest by simply sliding the scale to the right or in- ^^^^^^^^^ ^ 
verting it, so as to bring the number 1, under the note reference to the 



of reference regarded as the fundamental note. 



scale. 



§ 139. This diatonic scale, which is obtained from the Essenuai 
series of sounds affording the simplest concords with the <i«aiities of the 

i% 1 1 ft, -t * at diatonic scale ; 

fundamental note, after one alteration on account of the 
too great proximity of two concordant notes, and one in- 
terpolation on account of the too great distance of two 
others, has both of the essential qualities of rei)etition 
and variety. Thus, writing CD, for the interval from 
<7 to J?, and using like notation for the others, and writ- 
ing the names which have been adopted by musicians 
for the several intervals, we have the following 



TABLE. 

CD = FG = AB . . = I : major tone. 

J) E= GA .... = V:min«:»rtone, l^ofamajor. 

E E= B C . . . . = tI ; diatonic semitone. 

C E=FA = GB . =f; major third. 

E G= AC . . . . =j; minor third. 

BE =ff; I? of minor third. 

CF= D G = EA= GC'=^\ fourth. TaWe of intervals 

EB = ^^ ' flattened fifth '-^ ^"^""^ ^^ ^^' 

■^ -^ 32? Airtiit,Jiui lilLU. diatonic scale. 

CG = EB==EC' . . =1; fifth. 

DA =1^; If of a fifth. 

CA=DB .... =1; sixth. 

EC^ =|5 minor sixth. 

CB = V ; seventh.* 

DC = V ; flattened seventh.f 

CC =2; octave. 



"We observe here three different inten^als between con- 
secutive notes, viz. : first, that from C to D = E to G 



# An tnhazmonlons ioterral when the notes are sonided tcgetfaar. 
t Decidedly more hannonioas than the seroitli. 
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M.'Oortone; =^1 to B = -J, uiid callccl ft majc/r tone; second, that froi 
D iol'J= G to A = V, ^^11^'d a minor tone; an( 

Minor tone; tlunl, tluxt IVom F to F = B to (7' = ||, Called,^ 
tli()iii:;li improperly, a diatonic semitone^ being in fact^= 

Diutonir niiieli i^reater tliau half of either a major or minor tone. 

semiionoor ^\y^^ jntorval is also called by some authoi's a limma. 

liinina 

§ 110. When the vibrations are less numerous than 16 a 
i..aM nmnborof ^^.[,^,^,^1 /^[ Savart says 7 or S), the ear loses the impres- 

pnMmo sion of continued sound, and in proportion as the vibra- 

tions increase in number beyond this, it first perceives a 
lluttering noise, then a fpiick rattle, then a succession of 
distinct sounds capable of being counted. On the other 

<jn'rtt,Nt hand, M'hen the freouencv of the vibrations exceeds the 

llUlllticr; T *^ n • T Tir 

limit of 24000 a second, all sensation, accord mg to M. 
Savakt, is lost ; a shrill squeak or chirp is only heard, and 

ivruMmhu^of accord in<r to the observation of Dr. "Woll.vstox, some in- 
dividti.iU. otJKM-wiso no w:iy inclined to deafness, arc alto- 
o;v'ilK*r in^oiwiblo to very acute sounds, while others Jire 
painfully atVectod by thorn. It is probable, however, that 
it is not alone \\\c jWfjiuncf/ of the vibrations which ren- 
diM's shrill sounds inaudible, but also the diminution of 
intensity which, from the nature of sounding bodies, must 

c.»M-,M«MA over accomiKiny a rapid vibration among their elements. 
No doubt if a hundred thousand hard blows i)er second 
oiuiM bo roirularlv struck bv a hanmier u :)0u an anvil at 
prooi-^oly Ov[ual intervals, they would be heard as a deaf- 
i*nln:v ^hriok ; but in natural sounds the impulses lose 
ill intonsitv mv>ro than thov irain in number, and thus 
the sound jrrows more and more feeble till it ceases to 
bo hoard. 

»»ui..uu-,.a!o If wo add to the diatonic scale on both sides the 

'""'"* octavos of all its tones, above and below, and a^ain 

ttmiiliiUi'it III l'»«lh , ^ 

,11.... iho vH'tavos of thoso, a:id so on, wo may contmue it inde- 

liniU'lv u'^warvls and downwards. But the eonsiderar 
riou'i above show that we shall soon reach practical limits 

I'. . M. ,1 limiK jjj i>,,(U ^liivotions, growing out of the limited powers of 

Iho \\ir. 



louilor ouJuN 
lii.iu>li)>U\ 
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§141. By the aid of the ascending and descending ^^^^^^ «^ °^^^« 

o J o <=> played; 

series of sounds thus obtained, pieces of music which 
are perfectly pleasing may be played, and they are 
said to be in the key of that note which is taken as the Key; 
fundamental, sometimes called the toniG note of the Tonio note; 
scale, and of which the vibrations are represented by 1. 
And if such pieces be analyzed they will be found to 
consist chiefly if not entirely of triple or quadruple 
combiDations of several simultaneous sounds called chords^ chords; 
such as the following : 

1 5. 4 3 5 1 5 9, 1_8 1 8^ i. 1J> 3_0 4 

■^9T54)"3 52JT)8)'" 58 ) 4)3 5253) 89^' 

lat, 2d , 3d , 4Ui,5th, 6tli , 7th , 8th , 9th , 10th , 11th ,12th , 13th, 14th , 15th. 



1st. The common or fundamental chord^ called also chord of the 
the chord of the tonic^ which consists of the 1st, 3d and *^^°'' 
5th ; or the 3d, 5th and octave. This is the most harmo- 
nious and satisfactory chord in music, and when sounded 
the ear is satisfied and requires nothing further. It is, 
therefore, more frequently heard than any other, and its 
continued recurrence in a piece of music determines the 
key in which the piece is played. 

2d. The chord of the dominant. The fifth of the key chord of the 
note is called the dominant^ by reason of its oft recur- ^^°^^°*°^' 
ring importance in harmonic combinations of a given key. 
The chord of the dominant is constructed like that of 
the tonic, but on the dominant as a fundamental note, 
and consists of the 5th, Yth and 9th, being the 5th and 7th 
of one scale, and the 2d on the next following scale of ' 
octaves; or, replacing the latter note by its octave be- 
low, the notes of this chord will be 2d, 5th and Yth. 

3d. The chord of the siib-dominant ; that is, the chord chord of the 
constructed upon the 4th note next below the dominant. 
It consists of the 4th, 6th and 8th ; or, replacing the lat- 
ter note by its octave below, the notes of this chord be- 
•come the 1st, 4th and 6th. 

10 
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notes, would consist of D\F\A\ giving the intervals Necessity for 

other notes, 
shown : 

D' F' = M, and D' A' = ||, 



which are verv different fi'om the intervals of the com- 
mon chord to which they ought to be equal ; and in 
order that we may be able to make them equal, we 
must have other notes for the purpose. 

Xow D\ being the dominant of (r, must be the com- what the new 
mencement of the interval, and cannot be altered : "^^ ™°** 

' ' replace; 

new notes must, therefore, be substituted for I^' and A\ 
Denote the vibrations of the new notes by x and y • 
then, passing to the octave below to avoid the com- 
mon factor 2, we must have, 



^ 5 nnH y 3 . To find the new 

J) *' j[f * ' notes; 



whence, substituting the value | for i?, 

a? = f . f and y = f . |. 

That is to sav, a chancre from the kev of G to that 
of G^ requires for the formation of the chord of the 
dominant in the latter key, two new notes, whose vibra- 
tions would be represented respectively by the ratios f 
and I njultiplied by the vibrations in the dominant of Gj 
Xow. as anv note mav be taken as the kev note, and ., ,, ^i:„ *^^ 

» * .,3 Moltiplicity <H 

as the dominant changes with the latter, the number new notes most 
of requisite notes would be so munerous as to render *^^* ^ ' 
the generality of musical instruments excessively com- 
plicated and unmanageable. It becomes necessary, there- 
fore, to inquire how the number may be reduced, and 
what are the fewest notes that will answer. 

For this purpc»se we remark, that if we multiply the 
^aes of X and y by 24, to reduce them to the same unit 
as that of the scale of whole numbers in § 138, we find 
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§ 14:4:. Were any other note selected for the fandamen- No two keys 
tal one, similar changes would be required ; and no twOg^aie; 
keys can agree in giving identically the same scale. All, 
however, may be satisfied by the interpolation of a new 
note within each of the intervals of the major and minor 
tones in the scale of article (138), thus, 

#F i * 6r ) ^A) Interpolation 

.K K or },G, or V J. , or V , B^ C ; required; 

\>0) ^A) ^B) 

and the scale thus obtained is called the C%r(9ma^i(? chromatic scale; 
scale. 

§ 145. But what shall be the numerical values of the Numerical values 
interpolated notes? If it were desirable to make the |*^^^^j^^^ 
scale of article (138), which is in the key of C, (the vi- notes; 
brations of this note being represented by unity,) as per- 
fect as possible, at the expense of the others, there would 
be but little difficulty, as the mere bisection of the lar- 
ger intervals would possibly answer every practical pur- 
pose, and #(7= ^D^ might be represented by v^lf ; 

#2? = ^J?, by \/ f • f, and so on ; but as in practice no 
such preference is given to this particular key, and as 
variety is purposely studied, we are obliged to depart 
from the pure and perfect diatonic scale ; and to do so Necessity for a 
with the least possible oflFence to the ear, is the object of ^^ ^^^^j^^ 
a system of terrvperament. If the ear required perfect 
concords, there could be no music but a very limited 
and monotonous one. But this is not the case ; per- 
fect hannony is never heard, and if it were, would be 
appreciated only by the most refined ears; and it is 
this fortunate circumstance which renders musical com- Perfect harmony 
position, in the exquisite and complicated state in which °®^®'' ^^'^• 
it at present exists, possible. 

§ 146. To ascertain to what extent the ear will bear 
a departure from exact consonance, let us see what takes 
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only which are perfect. If one note make m vibrations These effects for 

i.T .1 T ', • !• l^ i_ * (* i-i •! two concordant 

wnile another makes n^ it is obvious that 11 the vibra- ^^^^ explained 
tions begin together, the mth vibration of the one will and illustrated; 
conspire with the nth of the other, and the effect upon 
the ear of these conspiring vibrations will be similar 
to that of a third set of which each individual vibra- 
tion conspires with every mth vibration of the one and 
every nth vibration of the other of the concordant notes. 
This third set will give rise to a note graver than either 
of the others, and its pitch will, Equation (41), be the 
same as that of a fundamental note of which the con- 
cordant notes may be regarded as harmonics. T^ig Resultant and 

'^ *-' ^ components. 

graver note is called the resultant^ and those from which 
it* arises, commorients. Let m = 3 and n = 2, then, see 
scale of article (138), will the concord be a perfect fifth, 
and the resultant note will be an octave below the gra- 
ver of the two components. 

What is true of two notes in perfect accordance may be Above 
shown to be equally true of several, and hence the ex- «o«f ^™«'>"« 

jL t/ 7 applied to several 

planation of this curious fact, viz. : that if several strings concordant notes; 
or pipes be so tuned as to be exactly harmonics of one of 
them, that is, if their vibrations be in the ratios 1, 2, 3, 
4, &c., then, if all or any number of them be sounded 
together, there will be heard but one note, and that the 
fundamental note. For, all being harmonics of the note 1, 
if we combine them two and two we shall find compara- 
tively few but what will give resultants which, with the 
individual notes, will be lost in the united effect or re- 
sultant of all the component sounds. But to produce this 
effect the strings or pipes must be tuned perfectly to strict Explanation of 
harmonics. The effect can never take place on the strings 
of a piano-forte, since they are always tempered. 

§ 148. Now, to resume the question of temperament : 
If we count the notes in the chromatic scale of article Temperament 
(144), we shall find thirteen, and consequently twelve in- 
tervals. Hence, if we would have a scale exactly similar 
in all its parts, and which would admit of playing equally 
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i^caie that would wcU in any key, the question of temperament would re- 
P'*^***^^^'^**^duce tothat of inserting]: 11 geometrical means between 

in anj key ; '^ *-' 

the extremes 1 and 2, and the scale would stand, 



1 Q» 2 Ql 2 Ql 2 



. 2'», 2. 



Iso-han»«aie 
scale. 



Tlje vahies of the mean temis are readily computed by 
logarithms. This scale, which is one of perfectly equal 
intervals, is called the Iso-harmonic scale. 



Ascending the 
;»cule by fifths ; 



Examination of g i-j-Q. If ^c cxamiuc the chromatic scale and table of 

sciuJa!^i"ulbieof^^*^^'^'^^s ^^ articlc (139), we shall find that the interval 
intervals; froui E \.o F^ and froui B to C\ are semitones, and that 

in a perfect fifth there are, therefore, seven, and in an 
octave twelve semitones. If, then, we reckon upwards 
by fifths, we shall, alter twelve steps, come to a note 
in the ascending scale of octaves of the same name as 
that from which we set out. Beginning with C, for 
example, we shall, after the twelfth remove, arrive at 
another (7; or, which amounts to the same thing, if we 
ascend bv two-fifths from C and descend an octave, we 
fall upon D ; in like manner, rising by two-fifths from 
2> and falling an octave, we fall upon E^ and this pro- 
cess being sufficiently repeated, we finally reach C\ the 
octave of (7. 

A'^-ain, from the same scale and table, we see that 
ill a major third, that is, from C to ^, there are four 
semitones, and hence, if we ascend the scale by major 
thirds wo shall, after three steps, arrive at the octave 
of the note from which we started. 
VH.uoora tmu. The value of a fifth is |, of a major third |, and of 
^sTaujAjv^rtMnU ^^^^ octavo 2. Now, there is no power of f or of f equal 
ti> anv power of 2, and hence there is no series of 
stojK^ bv perfect fifths or major thirds that can lead to 
anv one of the octaves of the fundamental note. Were 
\\w chromatic scale perfect, twelve perfect fifths should 
ho equal to seven octaves, and three major thirds to 
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one octave ; but, as just remarked, neither of these can Eeckonin< 
be true of perfect fifths or major thirds, for (f)^ ^ =129,74, nfaJ^.^'rVurds, or 
and 2'^ =128, giving a diflFerence of nearly one vibr a- by fifths; 
tion in every 6-i ; and (f)^ = 1,953, instead of two. So . 
that, if we reckon upwards by major thirds, w^e fall con- 
tinually short ; if by fifths, we surpass the octave. The 
excess in this latter case is called the wolf^ a name sug- '^^ ^^^^» 
gested, no doubt, by the fact that the thing which belirs 
it has been hunted and chased through every part of 
the scale in the vain hope of getting rid of it. In con- 
sequence, it has been proposed to diminish all the fifths 

_7_ 

equally, making a fifth, instead of |, to be equal to 2* 2, 
and tuning regularly upwards by such fifths, and from 
the notes so tuned, downwards by perfect octaves. This ^^^^^^ ^^ ^^"*^ 

, , , temperament; 

constitutes w^hat is called the system ot equal temperament. 

In this system the notes must all be represented by identical with the 

the different powers of 2^^, and the system itself is iden- 
tical with the Iso-harmonic. Theoretically, it is the sim- 
plest possible. It has, however, one radical fault; it 
gives all the keys one and the same character. In any its defects, ana 
other system of temperament some intervals, though of ^^®^®°^^^- 
the same denomination, must difier by a minute quantity 
from each other, and this difference falling in one part 
of the scale on one key and in a difierent part on an- 
other, gives a peculiar quality to each, and becomes 
a source of pleasing variety. 

Some have supposed that temperament only applies to General 
instruments with keys and fixed notes. This is a mjg. w^icawo" «' 

•^ temperament; 

take. Singers, violin players, and all others who can 
pass through every gradation of tone, must all temper, 
or they could never keep in tune with each other, or with 
themselves. Any one who should keep ascending by 
fifths and descending by thirds or octaves, would soon 
find his fundamental pitch grow sharper and sharper, 
till he could neither sing nor play ; and two violin 
players accompanying each other and arriving at the illustrations.' 
the same note by different intervals, would find a con- 
tinued want of agreement. 
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flats and sharps; a distinction essential to perfect har- 
mony, but which can only be maintained in practice 
in organs and other coijiplicated instruments which ad- its use; 
mit of great variety of keys and pedals, or in stringed 
instruments or in the voice, where all gradations of 
tone may be produced. 

To imderstand this distinction, suppose in the course To modniate 

n . /» ••ii i»iii iii/» from one key to 

01 a piece oi music it be desirable to modulate from another- 
the key of C to that of F^ its subdominant. To make 
the new scale of F perfect, its intervals should be the 
same and succeed each other in the same order as in 
the original key of (7. That is, setting out from F^ 
the sequence of intervals should hQ TtB TtTB^ as in 
the table. Now, this sequence does not take place in 
the unaltered scale of (7, when we set out from any 
note but (7, and if we prolong this scale backward to 
F^ the notes will stand 



F a 



B 



c 



D 



E F' 



T 


t 


T 


6 


T 


t 


6 



_/v. 



^v» 



Notes as they 

stand 

erronconsly; 



whereas they should stand. 



F G 



B 



G D E F' 



T 


t 


6 


T 


t 


T 


6 



_^v^ 



^\^ 



Kotos as they 
should stand ; 



The first two intervals are the same in both. Tlie next First two 
two will agree if we flatten the note B, so as to invert J^J^;':"^' '""*' ^° 
the intervals, or make. 



b^ - ^ = = 28 ; 



To make the 
next two a^ee ; 



and 



G- ^B= r=51; 
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C- A = T-e=ol-^ 2S = 79 = major third. 

Tlio «iiuiiit:tv bv wLieli B must be flattened for tli -is 
purj-»^o is ♦jbviously 



Co:: "s;';"^; ::■.**: 



J - ^ = 51 - 2S = 23 ; 



~. .■•.■««»:i-v • » 

>-•.-. - '.■; 



k^. ; v.>o.: . 



and this is tlie aiuijuut by which, in this case^ a notice 
didlrs iD.'iu its dar. As to the remaining three inte: 
vals, ihe aitiVronee between Tand t being small, amoun 
iii^ '-lily t'.' 5, '^whioh answers to the logarithm of 
0'.':r.:ua |t'' ^-^'■^ so'ponee Ttd is hardly distinguishabl 
iLvii: r 7'^, and it the note D be tempered flat by a- 

i:itervul = — :;— ' or half a comma, this sequence wi 



a 
e 



U 



iu Kt'i ^.as^s Iv the same, and our two scales of O bh^ — ^ 
/' will l<- ro!idored as perfect as the nature of the cas .^^^ 
will jvnuit by the interp<.»Iation of only one new note=^"^ 

Iv.;:, o:i the ^.'thor hand, suppose we would modulate 
irv>!u t ' to i>. In this case the scale of C will stand 



Sac i>'. ^:*" -* 



B 



C 



D 

T ! t 



E F G 



6 



\vIioi\>a> it should be 



Jff 



> .* V v* >■ 



^*u*vl 



/>' *C *D E *F *G *A 



»..^ix 



T 



« 



Jff 



6 



, \.>t«'iN\ •"> 



Hio intervals frimi Ji to jF, and from JS U> B^ are th 
vvilv \nu\> that are equal, and to make the others eq 
wouM rovjuirv ('', A F, G and J. to be sharpened, an^ 
Ov'".<v\'*.iontlv the introduction of no less than five new 
VA'io<« l^ut to ooufine ourselves to the change fi-om -4. 
to '.I wo have 
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and 



B - A= T=51; 



£ - »A = i =2S; 



Particular case 
taken. 



consequently, by subtraction, 

A - ^A = 2S = B - ^£, Result; 

As before determined. But since the whole interval from 
'^ to A = T = 61^ is more than double this interval, 
e flattened note ^JB, will lie nearer to JB^ and the Explanation; 
fHiarpened note ^A nearer to the lower one A than a 
i^ote arbitrarily interpolated half way between A and 
^jD, (to answer both purposes approximately,) would be. Diesis left in 
yflmd thus a gap or diesis^ as it is called, would be left*^'^*^^' 
« between ^A and ^B. 

i.-' The diesis in this case only amoiuits to T— 2 (T— ^)^ 
51 — 46 = 5, equal to a comma, or the tenth part 



What it amoanta 






/of a major tone 7'; in other cases it would be greater. 
"■ ■ Sut in all cases the interval between any note and its 
V. sharp is considered to be equal to that between the 
i same note and its flat. 



§151. Taking each note of the diatonic scale as the Each note of tho 

• •1 . t T ,. . inr»T diatonic scale 

nindamental or key note m succession, we shall find, takenasthekfiy 
t by the same mode of comparison, the following sets of note; 
notes in the several scales — the accent at the top of the 
letter denoting one octave above the key note. 



Names of the Keys. 



(7, I), E, F, O, A, £, G'. (natural, O) 

Z>, E, *F, G, A, B, »0, D'. 

■Si #E, #<?, A, B, #(7, *i>, E. 

;■ G, A, i>B, G, 1), E, F'. 

A, B, G, B, E, »E, G'. 

■ B,*C, Z>, E, #E, #G, A'. 



(two sharps, JD) sets of notes 
,. , _,, thus found. 

(tour sharps, A) 



tfj» 



*C, *i>, ^, *i^, #G^, #.4, B\ 



(one flat, F) 
(one sharp, G) 
(three sharps. A) 
(five sharps, B) 
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These scales jj^ thcsQ scalcs which havG the natural notes of 

defective by two . ii»ii i t-/? t. 

sharps; (liatonic scalc lor the key, tliere are but nve snarp 

whereas there should be seven. Where are the othe 



two? If we take *i^ and ^0 as the key notes, w e 

shall find 

Names of the Keys. 

Result of a »I<\«G, » A, B, ilfC,» J),* E, »F'. {six Bharps, *F ) 
':Sl. ^C, *i), ^E, *7'; *<?, *^, *^, #^'. (seven sharps, #C ) 



In like manner, constructing a diatonic scale on ^JL ■ ^? 
and on each new flat as it is successively introduced, Yr~ e 
find the following, in which the accent at the bottom c ■->t 
a letter denotes one octave below the key. 

Karnes of the Eeya 

JS,, C, D,\>E, F, G, J. , bi? . (two flats, bji^3) 
Same for another b^ , F, G, \>A , ^B , C , D\ ^ E' . (three flats, b^gl^S) 
supposition. ^^^ ^ ^j^^^ 0,^1), \>E, F, G,^A. (four flats, b±^) 

\>D ,\>E, F,\>G,\>A,\>B, C\ \>D\ (five flats, \>I^^^^ 
b6^ , b^, b^, \>C\ bl)\ \>E\ F\ \>G\ (six flats, y>0 ^^) 
bO' , ^D, \>E, ^F, b6^, b^, \>B,\>0'. (seven flats, \>Cr^-^) 



Several systems §152. Assumuig the principle that the interva-^^ *" 

hlvrbeer""^"^ between any note and its sharp -is to be equal to tha' ^^* ^ 

duvisiHi; between the same note and its flat, a variety of systems 

of temperament have been devised for producing th^^ 

best harmony by a system of twenty-one fixed notes, viz ^ 

the seven notes of the diatonic scale with their sevenc:^^ 

Some of the sharps and seven flats. Among the most remarkable sys — ^^ 

most remarkable tems may bc mentioned those of IIuygens, Smith, Yoijng-^^^ 

^^^^ ' and Lagier, for an account of which the reader is referred 

to the Encyclopoedia Metropolitana, article, Sound. Yol. 

IV., page 797. 

rccniiarityof §153. But* thc piauo-fortc, an instrument in almost 
the piauo-forte. ■^^iy^.j-gj^] ^g^^ ^ud of tlic highest iutcrcst to all lovers of 

music, admits of only twelve keys from any one note to 
its octave, and a teinj^erament must be devised which 
will accommodate itself to this condition. 
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We have already spoken of the division of the octave Arguments in 
into twelve equal parts, and have seen that this niakes ten^p^raraent; 
the fifths all too flat, the thirds all too shaq3, and gives a 
harmony equally imperfect in all the keys. It is urged 
in favor of equal temperament that all the keys are made 
equally good, and that in no one does the temperament 
amount to a striking defect ; also, that in the orchestra 
there is little chance of any uniform temperament if it be 
not this. Against equal temperament it is urged, how- 
ever, as before stated, that it takes away all distinctive Against equal 
character from the different keys, and after all, leaves no t^™!^™™^"^ 
one of them perfect. A piano-forte perfectly tuned by 
the system of equal temperament has to some pei*sons a 
certain insipidity which only wears ott^ as the eifect of 
this tuninor disappears ; insomucli that the best phase of illustration by 

, . . . . ^^® piano-forte 

the instrument is exhibited during the period which pre- 
cedes its becoming]: disao:reeablv out of tune, or, more 
properly, while it is assuming a state of maltonation / for, 
the transition is only a change from equal to unequal 
temperament, in which the several keys begin to exhibit 
varietv of character, imtil maltonation arrives and makes 
the instrument offensive. 

The best practicable way of obtaining a given tempera- usc of the 
ment, equal or unequal, is by means of the monochord. ™**°***^^°'^' 
The proper lengths of the strings of this instrmnent, to 
form the required notes, are first calculated, and after- 
wards those of the instrument to be tuned are brouorht into 
unison with them. Xo tuner can get an equal tempera- 
ment by trial ; so that the question in practice generally ^^^^^^^5^^,^^ 
lies between all sorts of approximations to equal tempera- practice. 
ment, and as many approximations to some other tem- 
perament. 

§154. The mode of proceeding by approximation to'^®™*^*'**"** 
equal temperament is simply to tune all the fifths a little proceeding; 
flat ; and the following order is the most usual. The first 
letters represent the note already tuned, the second the 
one which is to be tuned from it ; a chord in parenthesis 
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tones^ and that whicli bears the name of its author, Dr. 
Young. 

The system of mean tones supposes the octave divid- ^y^^®™ ^^ ^^^ 

tones* 

ed into five equal tones, of which we shall denote the 
value of each by a, and two equal limmas, each hav- 
ing the value P^ succeeding each other in the order 
^aPaaap instead oiTt^ Tt T^, as in the diatonic scale, 
and such that the thirds shall be perfect, and the fifths 
tempered a little flat. These conditions are sufficient 
to determine the values of a and /5, for, 

5 a -h 2 i3 = 1 octave = 3^+2^+24 
2 a = 1 third = T ■\' t 

whence 

rp \ J. rp . Use of this 

g^ »_, • r\ __ ^ _L. J system explained 

2 ' ^ 4: and illustrated; 

and substituting the values from the table 



a 



51 +46 61 - 46 



2 



= 48,5 ; i3 = 28 + r = 28,125 



and since the interval from the 1st to the 5th of the 
scale is 



3a+i3 = 2r+^ + 4- -^J- 



the fifth by this scale is fiatter than the perfect fifth 
by the quantity \ {T— t\ that is, by a quarter of a com- Eesnits. 
ma. In this system the shai'ps and fiats are inserted by 
bisecting the larger intervals. 

Dr. Young's first system is as follows, viz. : Tune young's Ant 
downwards from the key note six perfect fifths, then up- system; 
wards from the key note six imperfect fifths, dividing the 

excess of twelve perfect fifths, above seven octaves, 

11 



162 



Explanation. 



NATURAL PHILOSOPHY. 



equally among the imperfect fifths, and obseiwing to afr 
cend in the first case, and descend in the second, "by 
octaves, when necessary, to keep between the key note 
and its octave. 



Scale of tho 
Chinese, 
Hindoos, &e. 



§ 156. K we take from the diatonic scale the notes J', 
and JS, which rise from those immediately preceding 
them by semitones, there will remain^ C, 2>, J?, G^ A and 
C ' for all the sounds of the octave. This is the original 
scale of the Chinese, Hindoos, the Eastern Islands aixd 
the nations of Northern Europe. It is the scale of the 
Scotch and Irish music, and the Chinese have preserved 
it to the present time. The character of this scale is 
exliibited by playing on the black keys alone of tti® 
piano-forte. 



^^ , , ,. § 157. The efiect of makinor an interval smaller is to sri^^^ 

Effect of small o o & 

intervals. the cousouauce a more plaintive character. It m^»'J 

easily be observed, for example, that the intervals of ti3.e 
minor third, E G^ and minor sixth, E C on any instrti- 
ment, have a sad or plaintive efiect as compared with th.^ 
i»rincipiesof major third, C E^ and major sixth, C A, Almost all per- 
music applied in g^^^g jj^ ordinary conversation are constantly varying the 

conversatioa. , . . ' . 

tone in which they speak, and making intervals which 
approach to musical correctness, and the efiect of sorrow, 
regret, and the like, is to make these intervals minor. 
Any one with a musical ear, noticing the method of say- 
ing " / cannot^^ pronounced as a determination of the 
will, and comparing the same uttered as an expression of 
regret for want of ability, will understand what is here 
meant. Why this is so, no one can tell. But the asso- 
ciation exists, and resort is had to those modifications of 
the diatonic scale which are known from experience to 
produce the emotions here referred to. The results of 
these modifications, of which there are several, are called 
Minor scales. Miuov Scoles^ in contradistiuctiou to the diatonic, which 
is called the Major Scale. The change from a minor to the 
major scale is one of the most effective of musical resources. 
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If we return to the fundamental note G and its conso- 
nances, viz. : 

C ^E E F O A C Fundamental 

1 6 5 4 3 6. O. noteandits 

■'• 5 6545352335'^J consonances; 

and instead of rejecting ^E as too near to E^ we discard 
this latter note, and finish by inserting D and B of the 
<iiatonic scale, we shall have what is called the common 
aacendmg minor scale, as follows : 

G , D ,\>E , F , O , A , B , C Ascending minor 

^ ' ' ' ' ' scale; 

1 9 6 4 3 5 1_5 Q 

•*-3 8) S5'352533 83'"« 

But it is not easy to recognize this as a minor scale in Noteasuy 
descent, because, in going from C ' to C, there is no dis- ^^^e ui* 
tinetion between it and the major scale till we come to descent; 
^JE^ or until the scale has produced its principal effect 
D^n the ear. To remedy this, A and B are both lowered 
a semitone ; that is, A is made ^A^ and B is made ^B^ 
thus making ^A a fourth to ^E^ and ^B a fifth to ^E^ 
and giving 

G,D ,^E,F,0,^A, ^B ,G' 

19 643 8 OQ. 

■^58) 63352) 65 55-^5 

"which being reversed, is called the common mode of Descending the 
descending the minor scale. minor scale. 

Again, if we retain B of the major scale and lower 
^, we have 

C,D,y>E,F,0,^A,B,G' 

1 9 14 3 « 1_5 9. 

■^58) 553525 ■658 5'^5 

vhich is a mild and pleasinor scale both in ascent and „ ^ .^ , 

■^ o ^ ^ Schneider's 

descent, notwithstanding the wide interval between I'jl principal minor 
J and B, Its harmonics are more easy and natural than ^^^ 
d tiie other, and Schnetoer makes it, in his Elements of 
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Ham. r.T. u ^iKr.i^ijvil minor scale, ani ireais lI! aih 

A«, MMrmof ^ 15*, ^Vf >}.a:1 now Bhow hoT TTt ins-, irjiL 
«•*! sv.v*:ii;ii..i tlu'«»ry i*{ tho soalo, examine anv ?t«::;:i. ..: lemi-^ 
>. .k. v*jr; iiu»nt ; and as tho niothod will l»c r-i:— -rt-I i- i:- 
obviiULs by aj)j)lyin«i: it to a particular ex::z:i«k. Tr-ih 
T:4ke the system of Dr. Young just d-?i*r:r»rl 

Let all the intervals be expressed il ihtah simim 
A> :::e unit. Tliere being twelve sen^iT-jii^:^ iL di^ ^ 
Iji>.* wo have one semitone equal to tiit l:»pir::ix 
^ .. * ii-i l-y 12, or 

M^3(»103 o,0250S5S: 

•'-'- ».-. .. •...:-: U:-: I>z£r:thm of the major :?iir =7. 'Ju 

: . :...: .- -.!:•- = y. that of the diatoi^ic- sesiioa 

- - *r . - :llr Vi.Iue of tie iLt-LL s^:.-i: 



^■11 -r^ ^f."- ^finlTJli. 









* •» I 



' r - r 



< I I 



*.. •* T^.--«' 
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Then taking C for the key note, 



C . 



-5^ 



F . 



+8^ 



F' 



—6^ 



. 12,00000 
. 7,01955 

. 4,98045 
12 

. 16,98015 
. 7,01955 



C . . 

(1) G . . 

+5 . . 

-8^ . . 



0,00000 
6,98045 

6,98045 
6,98045 

13,96090 
12 



Example 
continaed; 



(1) 



«A . . 9,96090 . 


(2) 


D . 


. 1,96090 . 


(2) 


-5« . . 7,01955 


(3) 


+5" . 
A . 


. 6,98045 




#Z> . . 2,94135 . 


. 8,94135 . 


(3) 


+'8'* . 12 


• 


+5" . 
E' . 


. 6,98045 




#i?' . . 14,9il35 


. 15,92180 




-5" . . 7,01955 


.(4) 


-8** . 
E . 


. 12 




»G . . , 7,92180 , 


. 3,92180 . 


^ ^ The sams 


-S** . . 7,01855 


(5) 


+5'* . 


. 6,98045 




#C . . 0,90225 . 


. 10,90225 . 


(6) 


+8** . 12 




+5" . 

*F' . 


. 6,98045 




#C'. . 12,90225 


. 17,88270 




-5** . . 7,01955 


(6) 


-8** , 


. 12 




*F . . 5,88270 . 


. 5,88270 , 


,(6) 


Collecting these intervals for all the notes from C to 


C, we have 










C . . . 0,00000 


*F. . 


. 6,88270 




*C . . . 0,90225 


a . . 


. 6,98045 


desalts collected 


B . . . 1,96090 


*Q. . 


, 7,92180 




*Z> . . . 2,94135 


A . . 


. 8,94136 




E. . . 3,92180 


*A. . 


. 9,96090 




F . . . 4,98045 


B . . 


10,90226 





As the most important chord is that of the tonic, we 
form our idea of the effect of each key, from the effect 
of the temperament upon this chord, judging of the 
character of the key by the amount and dii'ection of 
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ExplaDation ; 



the temperament upon the third and fifth, which witt 
the key make, as we have seen, the chord in question. 
I^ow, a major third is composed of 

1 major tone = 2,03910 mean semitones, 
1 minor tone = l,8240i " " 



Value of a mi^Jor 
third; 



Major third . . 3,86314 



(( 



(( 



A minor third is composed of 

1 major tone = 2,03910 mean semitone, 

1 diatonic semitone = 1,11731 " " 



Value of a minor 
third; 



Minor third . . . 3,15641 " 



cc 



GoDclosions. 



and hence the intervals for the chord of the tonic are 

For a major key . . 3,86314 and 7,01965 
" minor '' . . 3,15641 and 7,01955. 

To examine any particular key, take the numbers froi^^-* 
the preceding table opposite tlie notes of the tonic chorc3? 
adding twelve to make the octave when necessary ; sub- 
tract the number of the key note from each of the 
other two, and the remainders will ffive the tempered 

examining anj , i /» i • i i 

particular key. intervals ; froui thcsc remamders subtract the correct in- 
tervals above, and these second remainders will give the 
amount and direction of the temperament. For exam- 
ple, let us examine the key of A\ we find 



Method of 



A . 8,94135; =»C' 

Tempered intervals 
Perfect intervals . 



12,90225; ^' 
8,94135 



3,96090 
3,86314 



Temperaments . . + 0,09776 



. 15,92180 
8,94135 

. 6,98045 
. 7,01955 

- 0,03910 



Example for 
illustration. 



whence we see that the first interval is sharper and the 
second flatter than perfect, the sign +, indicating sharper, 
and the sign — , flatter. 

END OF ACOUSTICS, 



ELEMENTS OE OPTICS 



§ 1. The principle by whose agency we derive our ^^^^^^ 
sensations of external objects through the sense of sight, 
is called light ; and that branch of Natural Philosophy 
which treats of the nature and properties of light, is 
called Optics. ^"'* 

§ 2. There exists throughout space an extremely • at- ^""^ipie of 
tenuated and highly elastic medium called eilier. This 
ether permeates all bodies, and the pulsations or waves 
propagated through it, constitute the principle of light. 
The eye admitting the free passage of the ethereal ^'^'^'^»^»**" ^^ 

•^ , . ° . . . sight produced ; 

waves into it, the sensation of sight arises from 
the motions which these waves communicate to cer- 
tain nerves which are spread over" a portion of the 
internal surface of that orp-an; we therefore see by a ^"^'^^^ ^*^^'^'^*" 

\ the sensations of 

prmciple in every i-tispect analogous to that by which sight and sonnd 
W€ hear ^ the only difference being in the nature of 
the medium employed to impress upon us the motions 
proper to excite these different kinds of sensations. In 
the former case it is the ether- agitating the nerves of 
the eye, in the latter, the air communicating its vibra- 
tions to the nerves of the ear. 

§ 3. Some bodies, as the sun, stars, &c., possess, in ^^^^^■|^°'*°'^ 
their ordinary condition, the power of exciting light, 
while many others do not. The first are called self- 
luminous^ and the second non-luminous bodies. All 



Non-Inminoos 

temperature is sufficiently elevated, or when in a state 



substances, however, become self-luminous when their , ,. 

^ ^ bodies ; 
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of chemical transition ; and some oi-ganisms, as the glc>~<v- 
■worm, flre-fly, and the like, are provided with an appa- 
ratus capable of exciting ethereal undulations and of 
becoming self-luminous when thrown into a state of 
vibration by these insects. 

Self luminous bodies are seen in consequence of ttie 
light proceeding directly from them; whereas, non-l^"!- 
minoua bodies only become visible because of the lig-lt 
which they I'eceive from bodies of the Belf-lumino^«J3 
class, and reflect from their surfaces. 



§ 4. "Whatever affords a passage to light is called 
medium. Glass, water, - air, vacuum, &c., are medL - 



Fig. t 



§ 5. "Waves of light, like those of 60imd, proceed froK^^i 
any disturbed molecule as a centre, witha constant velociti^ 
in all directions, through media of homogeneoua deneity- 
The front of the luminous wave in such media is, therms- 
fore, always on the surface of a sphere whose centre i& 
at the place of primitive disturbance,' and whose radios 
is equal to the velocity of propagation multiplied into 
the time since the wave began. Thus, if a molecule 
of ether be disturbed at C, and the 
velocity of propagation be denoted 
by y, and the time elapsed since 
tlie distui'banee by ^, then will ■ the 
front of the wave at the expiration 
of this time be upon the surface of 
a sphere whose centre -is at C and 
radius CA= Y.t. 

If the medium through which the 
wave moves be not homogeneous, the 
shape of the wave front will not bo spherical, bat will 
vary from that figure in proportion as the medium de- 
parts from perfect homogeneousness. 




§ 6. The circumstances attending the propagation of 
luminous and sonorous waves are similar. The intensity 
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light 



flight, like that of sound, depends upon, and is directly intensity of 
roportional to the amount of molecular displacement, 
't is, therefore, Acoustics, § 53, inversely proportional to 
he square of the distance from the original luminous 
ource. . 





the rectilineal 
propagation of 
llglit in 
homcgeneoas 
media ; 



3™ 



(y 



// 



Iff 
1/ 



/ 



§ 7. We have seen. Acoustics, § 16, that in wave pro- To demonstrate 
negation through a homogeneous me- 
dinm, the displacement of ^ a mole- 
cnle <?, fi'om its place of rest at one 
time, becomes a source of' displace- 
ment at a subsequent time for an in- - 
-definite number of molecules situat- 
ed on the surface of a sphere Mlf^ 
whose centre is at (9, and of which 
the radius is equal to F". ^ ; that these 
mimerous disturbances become in 
their turn so many sources of disturb- 
mnee for any single molecule as 0\ in front of the wave, 
"iajid that the amount of 0' 's displacement from its place of 
rest will be found by compounding the displacements due 
to all these sources, after estimating the amount due to 
each separately. 

To ascertain the effect of this process of composition, Geometrical 

-.,-.,,., ^1. •••^T construction and 

denote by \ the length oi a iummous wave ; jom O and expianauon ; 
^ by a right line, and^ake the distances A B = B C 
= C D = I>E= W and with 0' as a centre and the 
distances 0' B^ 0' (7, 0' Z>, 0' E^ &c., successively as 
radii, describe the arcs Bh^ Cc^^Dd^ Ee^ &c., cutting 
the section of the wave MN^ in the points J, c?, t?, ^, 
&c. Now, regarding the several molecules in the por- 
tions A J, hc^cd^de^ &c., of the great wave, as so many 
centres of disturbance, it is obvious that the secondary 
waves sent to the molecule 0'-, from those which occupy 
corresponding positions, on each pair of consecutive por- 
tions, will be in complete discordance, and therefore. Joint effects ©t 
Acoustics, § 59, that the joint effects of any two consecu- ^rtionsTtir 
tive portions will be to destroy one another, provided main wave; 
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Portions of the 
main wavo 
remote flrom tho 
straight line 
destroy each 
other ; 



Dfsplaeeicent of 
an assumed 
psrttolo due to 
ihiKSo portions of 
Uie main wnm ta 
tl)o immodiaie 
vicinity of the 
ri};ht lino joining 
it with tlie 
luminous origin ; 



Portion 
prt)ducinf: llio 
greatest effect ; 



Knv>cts of tho 
other pv^rlious. 



iVijoluAion. 



the waves from these portions be equal in number and 
give equal molecular displacements. And it is easy to 
see that this is the case with respect to the portions 
remote from A. For, the magnitude of the displacement 
of 0\ caused by any two consecutive portions, depends — 
first, upon the relative magnitudes of these portions, and 
secondly, upon their difference of distance from 0'. 
With respect to the former, it is obvious, from the con- 
struction, that ^J is greater than Jc, Scthanc^Z, cd 
than de^ and soon; but that the successive differences 
go on continually diminishing, and that the magnitudes of, 
and consequently the number of waves from, the succeed- 
ing portions, approach indefinitely to equality as they 
recede from the point J.- For corresponding points 
ia consecutive portions, the difference of distance, which 
io J X, never exceeds, as we shall see, 0,000013 of an 
inch ; so that tlie portions of tho main wave remote from the 
straight line 0\ destroy each other's effects, and the 
disphicemeut of 0\ will be entirely due to those parts 
of tho great wave in the neighborhood of the line con- 
necting the point 0^ with the luminous origin. 

Of these parts A h produces, of course, the greatest 
eiloct, being both the largest and least oblique to O 0\ 
Tlie eftects of the neighboring portions are, however, 
sensible, and we chall have occasion, under the head of 
OHKOMATics, to obscrvc some important phenomena to 
which thev ffive rise. In the mean time we cannot fail 
to perceive one remarkable consequence of this explana- 
tion, viz.: that if the- alternate portions 5 c, d e^ &c., 
whoso effects are, relatively to the others, negative, be 
stopped, the tot:il effect upon 0' will be augmented, and 
the light theiH) will be literally increased by intercept- 
ing a portion of the wave. All of which we shall have 
oooasion to see fully confirmed by experiment. For the 
invsont our conclusion is, that in a homogeneous rne- 
tliunu tlw aj^patynf t^Vcfs of h'ght are propagated jf^rom 
Ofit' jHunf to atwfhir in a right line; that the sensible 
otK els of light cannot, like those of sound, be propa- 
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gated round corners, and that optic shadows must runi-Jg^tnot 
up to the right line drawn from the luminous source rJZ^comera. 
tangent to the edges of objects which cast them.* 



§ 8. Any line R E^ which 
pierces the wave surface perpen- 
dicularly, is called a ray of light 
A ray, therefore, is obviously a 
line along which the successive 
effects of light occur. 

When the wave surface be- 
comes a plane, the rays will be 
parallel, and a collection of such 
rays is called a heam of light 

When the wave surface is 
spherical, the rays will have a 
common point at the centre of 
curvature, and a collection of 
such rays is called a jpe?icil of 
Ught 




Bay of light 




Beam of light. 



Pencil of light 



REFLEXION AND REFRACTION OF LIGHT. 



- 1 



§ 9. The reciprocal action between the molecules ofKeflexionand 
various substances and those of the ether which pervades [f , ^*^. 
ihem, causes the latter fluid to exist in a state of diflerent 
elasticity and density in different bodies. By reference to 
Equation (3), Acoustics, we recall that the wave velocity 
increases with the elasticity of the medium and decreases 
with its density; and, § 71, same subject, shows us, that 
when a wave is incident upon the boimdary of a medium 
of different density from that in which it is moving, it 
will be resolved into two component waves, one of which 
will be driven back from the bounding surface, while the foiiow the samo 
other will be transmitted and conducted through the new^"^^^"^^' 
medium. Light, like sound, will, therefore, be reflected 
and refracted^ and according to the same laws. 

*See Appendix No. 1. 
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And the 

rircumstanccs of 
Inddent and 
deviated iiglit 
determined bj 
tiie fiarae 
equation. 



* 

§ 10. And resuming Equation (29), Acoustics, which is 



sin. 9 = 



F' 



sm. (p 



(1) 



we may determine all the circumstances of velocity and 
direction of incident, reflected and refracted light. In 
this equation F, denotes the velocity of light in the first, 
and V\ its velocity in the second medium ; 9, the angle of 
incidence, and 9', that of refraction. 



Deviating 
sarftice; 

Incident, 
reflected, 
refracted wavo ; 



Incident, 
reflected, 
refracted ray ; 



Angle of 
Incidence^ of 
reflexion, of 
rofhiotion. 




§ 11. Let US here repeat 
the notation of § Yl, Acous- 
tics. The surface which 
separates the two media, 
and of which M iV, repre- 
sents a section by a normal 
plane, is called the deviating 
su7^ace ; and, supposing the 
wave to be moving from S 
towards 2>, WW is called 
the incident^ TF' TF' the 
reflected, and TF^TF" the 

refracted wave / and the noiTuals to these, viz. : S^ ^ 
D /S" and D S'\ are called, respectively, the incident, 
fleeted, and refracted ray ; the ray D /S" is said to be 
viatedby reflexion, and Z^/S"' by refraction ; also draw 
the normal P P' io the deviating surface, the an 
P D S, which the incident ray makes with this normal 
called the angle of incidence ', the angle P D /S", which 
reflected ray makes with the normal, is called the angle 
reflexion, and the angle P D S'" ^ P' D S'\ which t::^ 
refracted ray makes with the normal, is called the a 
of refraction. 



r 
'1 



] 



How tiic-^eangiw § 12. Tliesc auglcs are always estimated from that p^^^ 
matiH . ^^^ ^1^^^ normal drawn through the point of incidence ^^ 
the ray, which lies in the medium of the incident war^* 
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negative ; 



Fig. 5. 



ninstration. 



They are accounted positive when on the same side of when positive 
the normal as the incident ray, and negative when on^^^^^° 
the opposite side. Thus, 
the angle of incidence 
JP DS^is always positive, 
as also the angle of re- 
fraction PD8''\ while 
the angle of reflexion 
jPDS\ will always be 
negative, as it should be, 
since the velocity of the 
reflected light must be 
counted negative, the 
reflected wave being dri- 
ven back from the de- 
viating surface. 

§ 13. When the deviating surface is curved, we con- ^c^^^^**'*"* 
ceive a tangent plane drawn to it at the point of incidence, 
and treat this plane as the deviating surface for that 
portion of the wave which is incident immediately about 
the tangential point. 




§ 14. The angle which 

8iiy ray after deviation, 

makes with the prolonga- 

-;. tion of the same ray be- 

; fore incidence, is called 

-j| the deviation. Thus, 

I S"^' D S; is the devia- 

j tion by reflexion; and 

,| S'' D S"^', the deviation 

^ by refraction. 




The deviation ; 



By reflexion and 
by refraction. 



§ 15. If we make 






= wi, • • • . • • . (2) 



\ 



174 



NATURAL PHILOSOPHY. 



Equation 
applicable to 
refraction ; 



Equation (1) becomes 



sm 9 = m sm 9 



(3) 



Equation 
applicable to 
rellexion; 



which answers to any refracted ray. 

For the reflected ray, V becomes equal to — V\ and 

— 1 = m'j 



this in Equation (3) gives 



sm 9 = 



sm 9 



(4) 



which applies to all cases of reflexion. And generally 
we may consider the Equation 



General equation 
for all deviations. 



sm 9 = m sm 9 



(5) 



Catoptrics and 
Dioptrics. 



as applicable to all cases of deviation, observing to make 
m, equal to minus unity in cases of reflexion. 

§ 16. The circumstances attending the deviation of the 
component waves into which an incident wave is re- 
solved at a deviating' surface, being in general different, 
gave rise to two distinct branches of optics, called 
Catojptrics and Diojptncs^ the former treating of re- 
flected, and the latter of refracted light. But by the 
generalization expressed in Equation (5), this division 
may be avoided, the discussions made more general, and 
much space and labor saved. 



Index of 
relVrtctlon; 



§ 17. The quantity m, is called the index of refraction. 
It is the ratio of the velocity of the incident to that 
of the deviated light, which is equal to the ratio of the 
sine of the angle of incidence to the sine of the angle 
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of refraction or of reflexion, according as m is positive 
or minus unity. 

The numerical value of m, has been determined ex- ^*^°® ^^ 

refractive index 

penmen tally for a great variety of substances, solids, ^mder different 
liquids and gases, on the supposition that the deviating circumstances, 
surface separates the various substances from a vacuum. 
It is found to be constant for the same medium, but 
variable from one medium to another. And as a gene- 
ral rule, it is greater than unity when light passes from 
any medium to another of greater density, as from air 
to water, from water to glass ; and less than unity when 
light passes from one medium to another less dense, as 
from water to air. 

There is a remarkable exception to this rule in the case Exception to the 
of combustible substances, these always refracting more general rule. 
than other substances of the same density. 

From what has been said, it is obvious that a ray of jj^^^^ deviated 
light on leaving any medium and entering one more witb respect to > 
dense, will, in general, be bent towards the normal to the 
deviating surface, while the reverse will be the case when 
the medium into which the ray passes is less dense than 
the other. 

§ 18. If all bodies possessed equal density, the Eefractive powei 
value of m, or the index of refraction, might be **^ <^*^'^'"'^''* 
taken as the measure of the refractive power of the 
substance to which it belongs, but this not being the case, 
it has been shown, that if the expression of the law ac- 
cording to wMcTi all substances act upon light he of the 
same form^ the refractive power will be proportional to 
the excess of the square of the index of refii*action above 
unity, divided by the specific gravity. Calling n^ the ab- 
solute refractive power, 7n, the index of refraction, S^ the 
specific gravity, and J., a constant co-efficient, we shall 
have according to this rule, 

„ A ^ •* • ((\\ Its Talne in aay 

8~ ^^'-o^; 
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indices and 
powers 

determined by 
ef^periment; 



The following table shows the value of m, and n^ for 
the different substances named, the value of m hzing 
taken on the passage of light from a vacuum. 



TABLE 



Of Refractive Indices and Refractive Fowerb. 



Babstances. 



Table of 



Chromate of Lead, 

Realgar, 
Diamond, 

refractive indices vrlaSS-mnt, 
and powers. GlaSS CrO\Vn, 

Oil of Cassia, 

Oil of Olives, 

Quartz, 

Muriatic Acid, 

Water, 

Ice, 

Hydrogen, 

Oxygen, 

Atmospheric Air, 



m 



{ 



2,9r 

2,50 

2,65 

2.45 

1,57 

1,52 

1,63 

1,47 

1,54 

1,40 

1,33 

1,30 

1,000138 

1,000272 

1,000294 



n — 



m«-l 



8 



1,0436 

1,666 
1,4566 

0,7986 

1,3308 
1,2607 
0,5415 

0,7845 

3,0953 
0,3799 
0,4528 






DEVIATION OF LIGHT AT PLANE SURFACES. 



Deviation of 
light at plane 
surfaces ; 



§ 19. Let J[f i\r, be a 
deviating surface, sep- 
arating any medium H^ 
from a vacuum A. A 
ray of light S i>, being 
incident at i?, will be 
Illustration and deviated accordiuor to 

explanation; .i i t , 

the law expressed by 
Equation (3), 



sin (p = ?72» sin 9', 



Fig. r. 
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m^ being the index of refraction of the medium B. The Deviation of the 
refracted ray D D\ meeting a second sm-face Jf ' iV", par- fi^t refracted 
allel to the first, and passing again into a vacuum, will be "^^' 
refracted so as to satisfy the Equation, 



sin 9' = m' sin 9", 



the angle of incidence 9', on the second surface being the 
same as that of refraction at the first, and m\ the index 
of refraction from the medium B to the vacuum. But, 
in this case, Equation (2), 



.jj-f ^ Index of 

/ __^ ' _£_ • reflraction from 

^^ ■" "P" ""772,' medium to 



Tacamn; 



whence, substituting this value of m', and multiplying 
the two preceding Equations together, we obtain. 



Bin 9 = sin 9", ^"*'!? 

^ ^ ' perfonned; 



that is, the ray after passing a medium bounded by paral- 
lel plane faces, is not ultimately deviated, but remains pa- ^©rds. 
rallel to its first direction. 

The ray 7?" D"\ being supposed to traterse a second same true for 
medium bounded by parallel plane faces, and of which ^^aT^^^ded 
the refractive index is m", will undergo no deviation; by paraUei plane 
and the same may be said of any number of media 
bounded by such faces. If, now, the spaces between 
the media be diminished indefinitely so as to bring them 
into actual contact, there will still be no deviation, and 
we find that a wave will emerge from a medium, ar- 
ranged in parallel strata, parallel to its position before 

entrance. 

12 
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To find the 
relative index of 
refraction ; 



Fig. & 



§ 20. Let US next sup- 
pose a ray to traverse 
two media A and jB, 
bounded by plane pa- 
rallel faces, the media 
being in contact, and 
having their refrac- 
tive indices denoted 
by m and ml respec- 
tively ; we shall have, 
by calling m", the in- 
dex of refraction of 
the second, or denser medium in reference to the first, 




Equations 
applicable to the 
deviations; 



sm 9 = m sm 9 
1 



sin 9' = m" sin 9" 



(7) 



// 



sm 9 = 



m; 



sm 9. 



Multiplying these Equations together, there will resul 



Result of 
operations ; 



m r= — 



(7)'. 



KuK>. 



Example; 



KMttIi 



Tliat is to say, to find the index of refraction in the case 
of a ray passing from any one medium to another, divide 
the indtjc of the seco7id hy that of the first referred to a 
vacutnn. The index thus obtained is called the relative 
itidex. 

J*^amj^<\ "Wliat is the relative index of air and crown 
glass, the light entering the latter from the former? The 
t4\bular index of crown glass is 1,52, and that of air is 
1,0003, whonco 



m" = 



1,5200 
1,0003 



= 1,53. 
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§ 21. If a ray pass from a 

medium to another more dense, 

the index rnl^ will be greater 

than unity, and from equation 

(7), we shall have 

sin(p' > sin 9"; 

and if sin (p' be taken a maxi- 
mum, or the angle of incidence 
be 90°, equation (Y)Vill give, 



Fig. 9. 




Light passing 
from rarer to 
donsoT medinin; 



Angle of 
incidence taken 
90O; 



m 



// 



sin 0" 



(8) 



fVom which results a maximum limit to the angle of Maximum umit 
r-efraction. K m" be taken equal to 1,52 for the atmos-*^"^^!"^' 

•*• ' refraction ; 

ere and crown glass. 



sin f ' = 0,657, 



ox* 



0" = 41° 5' 30", nearly; 



for air and water, m" = 1,33, and 



Example, 
atmosphere and 
crown glass ; 



Atmosphere and 
water ; 



f ' = 48° 15'; 



that is to say, the greatest angle of refraction which can 
exist when light passes from air into crown glass, is 41° 
5' 30"; and from air into water, 48° 15'. 
If the ray pass from a medium to another less dense. 
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Light paaaing ■ ^" will be less than unity, 
from denser to j^j^j coual to the reciprocal 

rarer medium; ■*■ 

of it8 former value ; Equa- 
tion (7) will then give 

sin 9" > sin 9' ; 

^f^ of taking the maximum value 

refraction taken n - „ -, u n i 

joo; lor sm 9 = 1, we shall ob- 

tain from the same Equation, 



Fig. 10. 




Oonsoquence ; 



• , 1 



(9) 



Analogy; 



Examples; 



Ckmclosion ; 



Angle of total 
reflexloQ. 



this value for the sine of the angle of incidence, which 
corresponds to the greatest angle of refraction when light 
passes from any medium to one less dense, is the same 
as that found before for the greatest angle of refraction, 
when the incidence was taken a maximum, in the pas- 
sage of light fi'om one medium to another of greater den- 
sity. 

In the case of air and glass, it is 0,657 ; correspond- 
ing to an angle of 41° 5' 30" ; for air and water, the 
angle is 48° 15'. 

If the angle 9' be taken greater than that whose sine 

-, the angle of refraction, or emergence from the 



IS 



m 



denser medium, will be imaginary, and the light will be 
wholly rejected at the deviating surface. This maximum 
value for 9' is called the anffle of total reflexion. Light 
cannot, therefore, pass out of crown glass into air under a 
gi*eater angle of incidence than 41 ° 5 ' 30 " , nor out of 
water into air under a greater angle than 48° 15'. 



§ 23. Tlio maximum limit of refraction^ and the cases 
of total mjlexion^ are attended with* many interesting 
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results. If an eye be placed in a more refracting medium ApveMnn™ im 
than the atmosphere, as that of a fish under water, it will '"^''"''"f 
perceive, by the limit of refraction, all objects in the wisi teflwdon ; 
horizon elevated in the air, and broaght within 48° 15 ' 
of the zenith, while some objects in the water would ap- 
pear to occupy the belt included between this limit and 
tlie horizon by total reflexion. 

Those remarkable cases of mirage, where objects are 
Been suspended in the air, and oftentimea inverted, are tlosb do* to 
explained by ordinary refraction and total reflexion. '"^""^ 
The phenomena of mirage most frequently occur whentouitsflenon. 
there intervenes between the suspended object and spec- 
tator a large expanse of water or wet prairie, and towards 
the close of a hot and siiltry day, when the air is calm, 
80 that the difierent strata may arrange themselves ac- 
cording to their different densities. Wbeii the wind 
rises the phenomena cease. 



Flg.ll. 




It is well known that in the ordinary state of the at- iprurcnt 
mosphere, its density decreases as we ascend; a ray of *""""''"'" 
light, therefore, entering the atmosphere at S, would un- the posiuon 
dergo a aeries of refractions, and reach the eye at 5, with "'«'»'»' ^ 
au increased inclination to the surface of the earth ; and 
would appear to «ome from a jwint, S', in the heavens 
above that at S, occupied by a body from which it pro- 
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ceeded. Hence, the eflFect of the atmosphere is to in- 
crease apparently the altitudes of all the heavenly 
bodies. ^. 

* ■ 

Relative Index § 23. Dr. "WoLLASTON suggcstcd a Hicthod, foundcd on 
determined by ^j^^ limit of totol Teflexiou. to determine the relative in- 

total reflexion ; 

dices and refractive powers of different substances. If 
the angle of incidence, 9', be measured by any device, 
• Equation (9) will give, 



7n = 



sm9 



r> 



AndthenMfbe from which. Equation (7)', we find the absolute index, 
ve power, jj^^^jjjg j^^^ ^f g^jj, . ^^^ ^j^^ refractivc power may then 

be deduced from Equation (6). 



Optical prism; § 24. The deviating surfaces 
have, thus far, been supposed 
parallel. K they be inclined to 
each- other, as M JV^ M N\ we 
shall have what is called an optical 
jprism^ which consists of any re- 
fracting substance bounded by 
plane surfaces intersecting each 
other. 

Deviating planes M N and M N\ are called the deviating planes^ and 
and refracting ^^^ i^^ ^^^^ ^^j^j^j^ ^j^ ^^^ inclmcd, is caUcd the 

angle. ° •' ' 

refracting angle of the prism. 




^N' 



Deviation of a 
ray of light in 
paitAlng ttirough 
ft prism; 



§ 25. To find the deviation of ^ ray of light in passing 
through a prism, 
let SD \>Q the 
incident, D D' 
the fii'st, and D' 
S' the second re- 
fracted ray. The 
total deviation 
will be S'ES'\ 
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wliich denote by ^; then, calling the refracting angle 
of the prism a, and adopting the notation of the figure, 
we shall have 

Equations ; 

180°or7r =a + Jfi?i)' +Jfi>'i> = a +|— 9' + -->}.' 



or 

« = +' + ^' (10) Eefracttog angle; 

hence 

^=(p-}-^|y — a , . • , , (11) i^«"^»*^®° J 



The deviation of a ray of light in passing through a 
prism, is, therefore, equal to the sum of the angles of in- Euie. 
cidence and emergence^ diminished hy the refracting angle 
of the jprism. 

The refracting angle for the same prism being con- Deviation for 
stant, the deviation will depend upon the angles of in- ®*™® p"^^"^ 

' ^ ^ o depends upon. 

cidence and emergence. 

Now, from Equations (11), (10), (3), and 



sin 4^ = m sin 4^', (3)' 



by a simple process of the calculus, or by trial, it may 
be shown, that when the angles of incidence and emer- condition for 
gence are equal, the deviation will be a minimum, or™*°^™°™ 
the least possible.* 

Making 9 equal to 4^, in Equations (11) and (10), we 
find, 

*Seo Appendix No. 2. 
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9 = i (« + 6) 



— I 



? =i 






_ >:ti { (a -r &». 



. . -I 



::i; a-Juro the deTfrit: : i 
.".: \ I'f refraction •>:* :L 
.> luaJo. supiX'sing :: 



•=-j" 



i nv. 



-.■^: iiiothods by which the 

>:.>::;:ict'S maj be i.'Z^i. 

V; :iiav unite two plane 

:.. ;:;/:: cither, bv meazs 

.- i-.'.j;<. and place the 

' ..! :»i' held in sufficient 



..■ rci: angles upc-n 



. . (13) 



■V— :c aj^ain 
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Fig: 14. 



§ 27. Let MN, 
MN\ be two plane 
reflectors, meeting 
in a line projected 
in Jfcf ; S D^ a ray 
incident at the 
point i?, and con- 
tained in a plane 
perpendicular to 
the intersection of 
the reflectors ; this • 
ray will be devia- 
ted at the point D, 
of the first reflec- 
tor, again at the point D\ of the second, and so on. 

Eequired the circumstances attending these deviations. 

Call the first angle of incidence (pj 

second, (pg 

third -93 

&c.. 




Deviations ot a 
ray of light by 

/iV' two plane 
reflectors, the 
plane of 
incidence being 
normal to their 
intersection ; 



Notation; 



71' 



th 



9. 



In the triangle P D D\ the angle at P is equal to 
the inclination of the reflectors, which denote by i, and 
we shall have 





91 


^MM 


?!. 





h 




"Pa 





"Pa 


= 


h 




93 

• 




94 


# 


h 


<?«- 


2 


"Pn 


— 1 




h 


<p— 


1 


<P» 







*; 



(14) 



Equations from 
fhofigore; 



and by addition, 



9i — 9» =^— l.i 
9„ = 9, — «» — 1 .i 



Bom of these 
eqnationa; 



(16) 



\ 
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If 9 bo a If (p I be any multiple of i, as n — 1 . i, 

multiple of t; 



(p, - n-l.i = 0, (16) 



The »7 will that is to saj, the nth incidence will be perpendicular 
rewrnopon ^^ ^.j^^ rcflcctor, and the ray will, consequently, return 
upon itself. 

Example Ist. Suppose the angle made by the reflec- 
Kiampie flrst; ^^^^ ^^ ^^ go^ ^^^ ^^^ gj^^. ^ngle of incidence, or (p ^ = 60° ; 

required the number of reflexions before the ray retraces 
its course. 

Those values in Equation (16), give, 



Di^; 60° - 7^ - 1 . 6° = 



or, 



Keault 



n = 11, 



Example 2d. The angle of the reflectors being 16°, 
Kxiw«j>ieMcoua;nnd the first angle of incidence 80°, required the fourth 
i\\u^\o of incidence. 

Those values in Equation (15), give 



H<MUlt 



(p^ = 80° -4-1.15°. 
9, = 35° 



If ^, bo not a multiple of ^', there will be some value 

imiiiil'iuut'")*!'* for n tliut will make n — 1. % greater than 0i, in which 

(•{ISO, 0, — n — 1 . i^ will be negative; that is, at the n** 

iuoidoneo, the ray will be on the opposite side of the 

11.,. r ..V u 111 i>«'t I ,orpondicular. It will therefore return, but not, as before, 
•'""" ^'\ •'" by the smno path. 
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Example Zd. The angle of the reflectors being Y% the^^^^^P'^t^i'd? 
first angle of incidence 69°, required the nnmber of 
reflexions before the ray returns, and the first angle 
of incidence of the returning ray. These values in 
Equation (15), reduce it to 



0^ = 69° — 71 — 1 . Y° = 76° — Y° . n. 
If n = 10, 

^^ = 76° — 70° = 6°, Bnpposiaons; 

If n = 11, 

0^ = 76° _ 77° = — 1^. Besult 

or the ray begins to return at the eleventh incidence and 
the angle of incidence is 1°. 

It is obvious that the angle of incidence of the return- 
ing ray will increase at every deviation ; there will, there- 
fore, be some value of the increased angle which will 
either be equal to or greater than 90°. In the first case, ijemarks. 
the ray will be reflected by one of the reflectors into a 
direction parallel to the other, and in the second, this last 
reflexion will give the ray such a direction that it wiU 
meet the other reflector only on being produced back. 

§ 28. Adding the first two Equations in group (14), we 
have 



01 ""03 = 2 ij Angle made by 

the Incident ray 
and the same ray 
^^ after two 

reflexions; 

•I 

>. That is, the angle made by the incident ray and the 



I 



^■^T^I:^L philosof 



HT. 






:;- TTT.. r{i£o3U(«i=. is eq-aal to dcnUe the a 
•■■::-•;.. ri. 1: ibli..,rs. xbereiVre. that if t! 

r-.--^--;.» i^ inereai-ed or uiminished bv gi 
T • •::: • .: tjjt- rtfierrcrc, the angnlar reloci 

■ ■■- ~*-" "^^ "^•^- ti^'BL^c- tLat of "the reflect( 
- :::.■-•:: .-. r:.i:. vUeL red ectinff instrumcn 



•>• :^ . . 



^. ^. .>■ 



■" >' -"" l.::^- AT SPHEHICAL SURFACED 

: • ~ . • -T-" ^- ^•i i seciion of a sjierical surfic 
.- - , . ^^ lie- 35. 



T- . :t: 




TT 



> --.A 



V. V .: N- 



V*tV>,s\\»s; 



:■ ■ ."" > ■ . '.-.:: •:' ::..> rr.j l:::t ueviation. whici 

"X .: .- . .- •. ."..:/;. V.".". .: ::r>i-.-: :lr ax:? at 7^'. The 

, -^ .". :: . ;.■- - :-.i-.:f ::.-> f~r:"nc*e. is called the 

.■.-»■,'•. ' ::.: : '\>.:,\ >:- ti^ken as the orifrin. 

■ - .- t 

^^^■, Vn .— ..>-.-- -^ .'. r"^: S'-rrticri of wavej^ro- 
,.'■;•/.'■.-■.■. ■■ ' _; ■••.■"'. rl ::;■:•."*. .?";■ jfirirj/x negative; 

\...\ A*-'.\ T/'.r .f •/' .--'.f: '.r /'I J i.V'';:-j:v surface, tkt' 
'\;.:\:',v ,'^ ,v "■:'/:• "v ,'f .:r/:'<7hs T'.-^i'w'cY : w7it"r« incident ($¥~ 

In jV,o :r>«r.c".o C T* I\ ^c hare :he re]ation. 






3 
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aad in the triangle CD F\ 



sin 4 



v; 



sin 9' y '— T 



These combined with 



sin (p = 771 sm (p , 



give 



mu,{f' -r)=u' {f-r) . . 



Equations from 
the figure; 



Combined with 
the general 
equation of 
deviation ; 



{11) 



The first of these triangles will also give, 
u^ = {f — rY +T^ +2(/ — /•)./•. cos ^ 

and the second, 

u'^ ^{f'-rY +T^ +2(/'- r).r.cosd. 

These latter Equations by reduction become, 

u^ =f^ —'2,r{f—r) . versin ^ ; 
•u'a ==/"a _2 r (/- r) . versin ^. 

Denoting the versin by 2^ and eliminating 'w and u\ 
between these equations and Equation (17), there will 

result, 



other equations 
from the figure ; 



These latter 
reduced; 



{f'r).Vf'^-2r{f'-r).Z=m{f'-r),Vf^-2r(f-r).Z (18) General equation 

for finding the 
intersection of 

This is a general Equation for finding the intersection deviated rays 
of deviated rays with the axis. The relation between y^'**^®"^ 
and/' is somewhat complicated, and it is obvious that 
if/ be made constant, the value of/' will vary for dif- 
ferent values of ^; that is to say, if a pencil of rays pro- ^^^^^^^^^^ 
ceed from a point on the axis^ tliey will^ after deviation^ iadet^nite Bize. 
meet the axis in different poiiits^ depending upon the dis- 
tance of the point of incidence from the vertex. 
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SMALL DIRECT PENCIL. 

Bmsii dirwt g 3o_ ^ pencil of light having its central ray coincident 

with the axis of tlie 
deviating surface, is 
called a direct pen- 
cil ; and if such a 
pencil be taken very 
small, the quantyz, 
in Ec[uation (18), 
will be so small that 

Oonmul «in»Uoa the productS of 

"ll ™"'''* ^l''<^'i '* is ^ factor 
may, without mate- 
rial error, be omitted. This will reduce Equation (18) to 




ElQ»Uon 



if~r).f'^m.W-r).f 



/' = 



mrf 



{m~l).f + r 



(19) 



and taldng the reoiprocal, 



f w,r 



m.f 



If/ be con- 
stant, or the 




rays a 

from the same 
concinjjonfcpi point F on the 
irtncii. '^^''■^ before ae- 

'viation, f will 

also he constant 

for the same 

medium and 

curvature, and all the rays after deviation will meet in, 
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soTTie other point F^ on the axis. The first of these points Eadiantand 
is called a radiant^ and the second a focus y and because 
of the mntual dependence of these points upon each 
other with respect to their positions, they are called 
conjugate foci^ and the distances f and f\ are called conjugate foci 

• , /» T T , o* ii /» • *D^ conjugate 

conjugate jocal distances, Since the wave surface iSfo^^^g^j^^^a. 
always normal to the rays, the light will proceed from 
the radiant in a spherical wave before deviation, and 
yrom or to the focus in a wave of like shape after 
deviation, according as the deviated rays meet the axis 
on being produced back, or in their onward course be- 
yond the deviatmg suriace. in the nrst case, the locus ^^^j. 
has but an apparent existence, and is said to be vir- 
tual j in the second it actually exists, and is said to be 
real. The radiant is also said to be virtual when the 'Virtual radiant 
wave proceeds, (or, which is the same thing, the rays 
converge) to a point before deviation. 

§ 31. Luminous waves, like waves of sound. Acoustics, Living force of 

§t»oT' 1 T«»i« i« molecules, or 

53, become more and more diiiused m proportion as intensity of light 

they recede further and further from the place of primi- decreases for 
tive disturbance, provided their convexities continue to be increases'for 
turned to the front, and more and ipaore concentrated converging ray^ 
after they have been so deviated as to tm-n their con- 
cavities to the front. In other words, the living force of 
the wave molecules, which deteiToines the intensity of 
light, will become less and less foi^ divergent, and greater 
and greater for convergent rays. 

That portion of the living force imparted to the ethereal Living forc« of 
molecules at any one place, as a radiant, and which proceeds g^e^'^°° * 
upon a spherical segment embraced by the bounding rays segment 
of a small direct pencil, can, therefore. Equations (19) and ^X^'^!'**'^*^**' 
(20), be concentrated upon the ethereal molecules at 
another place, as a focus, by the action of a spherical devi- 
ating surface ; and the focus, whether real or virtual, be- 
comes a source of light as well as the radiant, and is as becomes a source 
distinctly visible. When the focus is real, the deviated ®' ^^^*" 
wave first becomes concentrated in, and subsequently 



IM 



• ■ ' r 



J% 



^ATi-UAL Pn;i.:.?,-?ZT 



wbewth# emanates from it : wlien virhw' 
iwwwrsr.fwj Cecils only frum tlic deviatins* r 
uAtuiUTXii^ sions tlic same as tJioudi it La J r. 

fucik!:. 






jjg.:s 






§ 32. If the raj 
which is deviateil at 
the first, be incitlent 
iijHin a secoml siir- 
I'ace Jf' ^V, iiaving 
a radius /, and 
situatt^I at a dis- 
tance tj from the 
first, measured on 
the axis. \re mav 
r-uiaKtse this rav to Lave Trrori-iei :r -"'i"- 

•i*.VA tiv*«' »><i^ i«'L vi.z'iMa^v . ^- . -.^ '^r ~ »■ - 

::.'i :•■-:.: / . :n which ZL.y r-- iri: --j-. 

^., . ,- ;.-■•■*'■■..■■,■■ '■'".'•r-t^ t'lr- '■-'" i . — — *■ ,_ : .-, 

>. . '. • . .M.ta AA.*. Lt-^ liiV. CA_ft_% , __ 




r !" 



-,'-1 



/■ 



f i 



J":! U 




Ii*iS 
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Fig. 20. 




Third deviated 
ray incident upon 
a fourth surface ; 



And for a fourth. 



J_ - ^— VL J \ . . (23) Equation 

/"" ~" Qn'" r'" m'" (/'" + t") applicable to the 

fourth deviation, 



And so on for any number of surfaces, the law being ma- 
nifest. 



and 80 on. 



§ 33. The value of /' + t deduced from Equation (20) Direct relation 
ahd substituted in Equation (21), will give a direct rela- ^<*°°<^ between 
tion between/" and/, in terms of r, r\ m, ml and ^; distance and final 
and the value of f" + t' found from this derived equa- ^"^^^ distance. 
- tion and substituted in Equation (22) will give a direct 
relation between /'" and /, in ternis of r, /, /', m, 7n\ 
m'\ t and t' y and by the same process of elimination a 
direct relation may be found between the radiant distance 
jf and the fing,l focal distance /'"— « . 



.-% 



§ 34. But in practice the distance ^, is so small that it Practical relation 
may, without sensible error, be neo:lected. Omitting t ^*^^'''«®'' ^^<^ 

•^ ' ? o D 7 distances, 

we shall find that the first member of each of the prcced- omitting t\ 
ing equations becomes a factor in the last term of the 
second member of that which immediately follows it, and 
proceeding to eliminate these factors by their values, we 
obtain from Equations (20) and (21) 






m'-l 
ml t' 

13 



1 ( m — 1 1 ) ic,A\ 



Resulting 
equation for 
two sur&ces , 
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\ 



Eolation 
between 



on. 



tliis value of ^-^^ substituted in Equation (22), gives, 

conjugate focal J 

distances for 

three surfaces, -* it / ' 

omitting <; J^ =I!^Z} A^ 1 ( m-1 1 ( m-1 J_ \ J .qk. 

and this value of -^^777-, in Equation (23), gives, 

Same for four 1 772,'" — 1 

surfaces, andso niiii — 777 777~ • 

J m ' T 

m'^Vrnl'T"^ w!' Xm'r'^ m\mr ^ mf) \\ ' ^ ^ 
and so on for additional surfaces. 



Medium between § ^^- ^^ ^^ ^^^ suppose the medium between the 

second and third, sccond and tJiivd^ fouvth and fifih^ sixth and seventh^ 

Bupposed^the ^^^-5 deviating surfaces, the same as that in which the 

same as that of liglit uioved bcforc tlic first dcviatiou, we shallt have 

igi , ^j^^ ^^^^ ^^ ^ number of refracting media bounded by 

spherical surfaces, situated in a homogeneous medium, 

such as the atmosphere, for example, and nearly in 

contact. Hence, 

Corresponding ,1 /„ 1 „ni 1 

values of Wl' = _ ; OT ' = _- ; m" "= __- , &c. 



refractive 
indices ; 



m m'" " m"" 



and the foregoing Equations reduce to 



Hesulting 

equations for 

two, three, four, 

&c. surfaces. ][ ^^" — ][ 



7^=(— D-l^-^f+J ....... (27) 

/./r/ — // // H T/)^^— 1*( >)+":?[' • • • (^^) 

J m r m I \r r J j ^ 

-^, = ^-T.(^,-^,)+^^.(-i-l) + | (29) 
&c., &c. 
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§36. Any medium bounded by curved surfaces and Lens definod? 
used for the purpose of deviating light by refraction, 
18 called a lens. Equation (27) relates, therefore, to the 
deviation of a small pencil of light by a single spheri- 
cal lens : /, denbtin^ the distance of the radiant, and Equations 

' *^ ' ° . ' applicable to 

y", that of the focus from the lens. Equation (28), re- one, two, &c 
Jates to the refraction or deviation by a single lens and ^®^®^ 
a second medium of indefinite extent bounded on one 
side by a spherical surface nearly in contact with the 
lens. Equation (29), relates to deviation by two spheri- 
cal lenses close together, f and /""" denoting, as before, 
the radiant and focal distances. 



§ 37. If the rays be parallel before the first deviation, incident rays 

^ supposed 

• / ^1, b. i.«ni., or ^ = 0, a.a E,ua«.™ », ,2,,, -« 
(28), and (29), will reduce to 



fjl — 2 Eesulting fo»m 

5 of the preceding 



/' mr 
1 (1 1\ 



equations ; 



/ 



1 . m"~l , 1 r /I 1\1 



&c., &c. 

The values of/',/",/'",/"", &c., deduced from these Principal focai 
Equations, are called the principal focal distances^ being ^^^^<^®- 
the focal distances for parallel rays. Denoting these 

distances by i^„ i^^^, i^^^^,, &c., and (~ - i), [p - ^) 

&c., by — , -^, _^, &c., we shall have the following table, 

P P P 
viz. : 
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1 


OT-l 


• 


sr 


1 


CT-l 


F 


J 


1 


r*"-l 


^... 


Jji r 


1 


ir,"~l 


^-. 




1 


m •-! 


^... 


m' r 


1 


IT. —1 


F 





1 l-,-l 






ri-1 > . . (30) 



!?#"— 1 Pi— 1 



&c^ ttc^ ic. 



Bnlei 



An exaniination of the a^tc-mare formulas of the above 
table, beginning with the second, leads to this resnlt, 
viz^ that tAe reciprocal of the principal focal distance of 
any comli nation of hn-f^:^^ jV equal to the sum of the re- 
ciprocah of th-: prr.i :ij.ril f>:2l distances of the lenses 
taken separately : which may be expressed in a general 
way by the Equation, 

1 / 1 \ /OiN 

Ya!ueforthe —=f = Z I ~^ / • ("■*■/ 

rec:;.rocal of the -^ \ J: f 

principal focal 
dbtance of any 

«^mUnation of ^i^erein ^-A_j, denotes the reciprocal of the principal 

focal distance of any one lens in the combination, the 
Greek letter 2, that the alsrebraic siun of these is to be 

taken, and ——^ the reciprocal for the combination. 
Fi«t members of Substituting the first member of the first Equation, 

group (30) ^ O U J 

snbstitntcd in in group (30), and the first members of the alternate 
preceding Equations, beocinnino: with the second, for their corres- 

eqaatlons; ^ . . 

ponding values in Equations (20), (27), (29), &c., we 
finally obtain. 
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/' - F, + m/ 



1 



1 

tttr 



F 

1 



/ 



F. 



1 



/ 



mm 



F. 



itliU 



1 

H 

/ 
1 

■+7 



(32) Eosulting 

eqaations for the 
discussion of the 
/oq\ deviation of light 
^ •'by one or more 
lenses or by a 
single surface. 



(34) 



(35). 



vergency 
incident and 
deviated rays; 



Equations (33), (3i), and (35), are of a convenient form 
for discussing the circumstances attending the deviation 
of light by refraction through a single lens, or a com- 
bination of lenses placed close together"; and Equation 
(32), the deviation at a single surface. 

§ 38. The several terms of these Equations are the re- To find relative 
ciprocals of elements involved in the discussions which "*^°^"''®* ^"^J ^^ 

*■ vergency of 

are to follow. The 
pencil of light being ^' 

small, the vei*sed sine 
of half the arc Di)', 
has been disregard- 
ed, and the arc itself 
may be regarded as 
coinciding with the 
ta»gent line at the 
vertex (?, and as 

having been described about either of the points (7, F\ 
or F^ as a centre, indifferently ; and denoting the length 
of the arc ODhj ct^ and the number of degrees in this 
arc when referred to the centre F^ corresponding to the 
radius /, by ti, we shall have the proportion, 




Bays supposed to 
diverge both 
before and after 
deviation, and 
arc taken; 



2 AT./: 360° ::« 



n; 



whence, 



n = 



g . 360° j. 
2^ •/ 



Number of 
degrees in this 
arc referred to 
tho centre F\ 



l^J-Z. ?MILOSOFHT. 



— — "k.^:" 



i- X* I2ie diameter of a cirde 



■ ' ' i_" 



rf 



centre ^\ correa- 
es, denoted 



:~ V 






I ■ 



1 r 



1 



Mfc ;: —-.irr^ 'i^: t:?5v ii::iziss^ l^rssDoiis bjr the second, 



2. r» 



% 
% 



\ V, " v V-, r 



, -rziir JL till jL THriasTiie the relative 



I ' 






Ti? £L 













0,v, v.- ^.• 



40!J "»•> ■ ., ■'X«> 












:ve measure 









^ - ^ - ^ 



r.\^> will be nesrative. 
Apr!.\ :* :':,c v:;:..: -v.; > :::.^:rjre to a point F^ 
W:cTc .uv. ;.:■;:■, -' t'r :::v ^^:;":c rvvr.>>n. wonld be ne- 

gy^r.vv \Vvv:\^. V :u-:-:;:.\o. A'.;., ^r-t-rtty^v, we shall find 
tliau Tvurrir.iT iLo rr* .;:;»:;: r*::.l :*.v^C vii<tances to the 
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vertex as an origin, di- 
vergence will be mea- 
sured by a positive and 
convergence by a nega- 
tive quantity ; and for 
convenience we shall, 
therefore, hereafter em- 
ploy the general term 
vergency to express either 
of these conditions of the 
rays, indifferently. 



Fig. 2a 



"^VJ^ 




General rule for 
vergency of rays. 



§ 39. The power of a lens is its greater or less capacity ^^^^ ^f ^ ^na. 
to deviate the rays that pass through it, 

lu Equations (33), (34), (35,) &c., ^, -^, ^, &c., 

will measure the vergency of parallel rays after devia- 
tion ; and as these measures are expressed in functions • 

of the indices of refraction, and — , or ( ) &c., 

p \r * r' I 

they will be constant for the same media and curvature, 

and may be employed as terms of comparison for the 

other two terms which enter into the Equations to which 

they respectively belong. 

From what has been said, it is apparent that -^5 in 

Equation (31), will measure the vergency of parallel rays 

after deviation by any combination of spherical lenses power of a lens 

whatever, and will consequently be the measure of the **•* *^""™^^"^""" 

^ *' of lenses; 

power of the^corribination J and as ( — I, is the measure 

of the power of any one lens of the combination, we have 
this rule for finding the power of any system of lenses, 
viz. : Find the power of each lens separately^ and take the Eaio. 
algebraic sum of the whole. 



§ 40. It will be convenient to express the relation in 
Equations (32), (33), (34), &c., by referring to the centre 
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To«Bair»i»tion of curvature of the deviating surfaces as an oriein. For 
iKK.c« tb. j,,ig purpose^ let C> Z> 



eui\}uyat« A»cal 

atetonei*whcn bo tt section of the 



tbt vvtttro of 
ounraturv to 



deviating surface, 
and denote the dis- 
tances of the radiant 
and tlval points from 
the centre C, by c 
and c\ respei.*tiv-ely ; 
%w have bv inspection, 



Fiff. 24. 










>ri\:i ui Eij^tnirloa \X^\ gire, after reduction. 



7<<«HW*» iK 



I 


• 


m 


<i^ 


1 




m 


» 


<i^ 






— 


+ 




^f 






F 






tf 



(3«) 



v.^x. vr i <\*»*r«' ;•: ■jl^'-j: fo^face wb-^^se centre of curra- 
•• - > i. i • ^^j;rc\.- \ :V:ci rliai: of the first, we ob- 

». , -.' ♦, * " •~'i "*» *r* *■»* 



7* 



m 



\ % 






. . (3:) 



ij t: i -ilstance f, from 



V ^ « 



'n. 



• \tf\j 






♦ *t * 



luc'Tis ?*? and <-57), a 

:^:^^: 5a. lie manner, 
^ti^sns x£ ^i? derived 



^ " «* "iUliiTS*^ 



<^ V 



X '^v^. 



. V. ,>J5> ^ c ibi izeozzi becweai 
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tlie two deviating surfaces to which Equations (19) and Keiain 
(21) relate, we obtain from the first by adding t, to both 
members and reducing to a common denominator, 

f + t~ '"^Z + t^^-l ■/ + ^) i . 
irT^.f + r 

and this substituted in Eq. (21), at the same time iiiaking ^^^^ ^^ 

m' = J which is supposmg the ray to pass int5 the tomd 

first medium after having tfaversed the medium bounded """"i* 
by the two deviating surfaces, that Equation reduces to. 



1 _ 1 — m m(m — 1 ■ / + )') 

/" ~ r' mrf + (/.m — 1 + r) t 



(30). 



which gives a direct relation between the conjugate focal 
distances in the case of light deviated by a single lens. 



APPLTCATION OF THE PRECEDING THEORY TO THE DEVI- 
ATION OF LIGHT BY REFRACTION THROUGH THE VARI- 
OUS KINDS OF SPHERICAL LENSES. 



§42. A lens has been defined to be, any medium AppUtation of 
bounded by curved surfaces, used for the purpose of[||*^"^^|"^ 
deviating light by refraction ; the surfaces are generally vanoai aphoiiaii 
spherical. °"^^ 

A, called a douUe *■'»■ "s- 

mnvex lens, is bounded 
by two spherical sur- 
faces, having their cen- 
tres and the surfaces 
to which they correa- 
pond, on opposite aides 
of the lens. When the 
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cnrvature of the two *^ *"- 

surfaces is the same, 

the lead h said to be 

eqnallv oavex. 

5, U a lena with one 

of its faces plane, the 

other spherical, this 

latter face and its cen- 
tre being on opp-jsite 

sides' of the lens, and is called si j>lano-conrex len». 
■: C, is a double concave lens ; each carved face and its 

centre lying on the same side of the lens. 

2), is a j>iano-concave lena, having one face plane and 

the other concave. 

E, has one face concave and the other convex, the con- 
vex face having the greater cnrvatnre ; this lens is called 

a menigeua. 
t F, like the meniscns, has one fece ctmcave and the 

other convex, but the concave face has the greater 

curvature: this is caUod 3k concaro-c&nvex lens. 

The lino containing the centres of the spherical 

surfaces, is called the axis. 

§ 43. A moment's consideration will show that all the 
^ circumstances of vergency attending the deviation of light 
■ one of these lenses, will be made known bv 
Eiiuation (33), it being only necessary to note the dif- 
ferent cases arising out of the various combinations of 
surfaces by wliich the lenses are formed ; these cases de- 
pend upon the siffns of the radii. 

Equations (33), (34), (35), itc, wore deduced on the 
f sup2>osition that r is positive, the concave .side of the 
surface being turned towards incident light; it will, of 
course, § 29, be negative when the convex side is turn- 
ed in tlie same direction. Besides, f was taken positive 
for a real radiant, or when the rays are supposed to di- 
verge from any point upon the axis of the lens, before 
deviation ; on the contrary, it will become negative when 



ELEMENTS OF OPTICS. 



203 



the rays are received by the deviating surface in a state ^^ ^[ conjngate 

of convergence to a point behind the lens. The signs 

of /', /", &c., will be positive when the deviated rays 

meet the axis on being produced back. The foci are then 

virtual. When the rays meet the axis on the opposite 

side of the lens or lenses, f\ f'\ (fee, become negative, 

and will correspond to real foci. 

The several lenses may be characterized as follows : 



— /•and +/ 

— /•and + r'= co 



1 Double Convex^ ...,-, 

'Piano-Convex^ convex side to in- 
cident light, 

Do, plane side to inci- 

dent light, . . -[- 7» = 00 and + r' 

" Meniscus^ convex side turned to 
Q , incident light, . . 

^Same, concave side do. do. 

4 Double Concave^ 

' Piano-Concave, concave side to 
^ J incident light, . 

^Same, planesidetodo.do._[-;-^= oo^ and — 7*' 

" ConcavO' Convex J concave side to 
6. incident light, r < r\ + T', + / 

^Same, reversed, . . t^t\ — 7*, — t' 



r > r', + r, + r' 
+ r, — / 

+ r, + r' = 00 



Characteristics 
(^\ of the various 



lenses. 



§ 44. To discuss the properties of any one of these Discussion of the 



Fig. £6. 



lenses, resume 
Equation (33), de- 
termine the sign 

of -4r5 V refe- 

rence to its gen- 
eral value in 
Equations (30), 

and the table above, and then proceed to make various 
suppositions in regard to the position of the radiant and 
deduce the corresponding places of the focus. 



properties of any 
Ions. 
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Double ron/^x § 45. As an example, let us take the double convex 

Ions taken m an i _ 

. . lens. 

(>xani|4t; • 

Equation (33), is 









ami. Equation (30), and Table (J.), 






m — 1 



>: 



ti 



=-^(^# 



iWid as long as m > 1, we shall have, 



^■".t'iiw wm tW 



gi«.*Mt,inv« : 


/ 




tVr I -^ -V or 

■ * « 




rNo^v'^iivrtcvot 






V- ., .^ , ♦.•v 


;l\>i n 1 Iv *v- 






■ .' 


- V vtv, 't Ji 




>.-: V ':v\Vv'; 






• N- 


• \ . .:\ s •• •' 



-J-+i 



// 



/ 



. . (40) 



P ^^r / > jP , /" will be negative, and 



. \' 



; V 



Fig. 27. 




t -• 



\ 



< v« v.: ~T»: 



:< 



c-erween the limits F , 
: will be concentrated 
ie same line behind, 



^ » 



Vv 



\\V 



* v 



-, - V 



■>. \ 



X- 



v- .i.W 
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tween the lens and the principal focus, it will, after ^ 
deviation, proceed from some other point in front, and the 
focus will he virtual. 



For . 



T."/ = -^»-^ = 



"/"- 



K f 

That ia, the vergency 
of the deviated rays 
will be zero, and a 
spherical wave pro- 
ceeding from the prin- 
cipal focus will be con- 
verted, by deviation, 
into aplane wave which 

can only be concentrated into ' a point at an infinite 
distance. 

If the rays be received by the lens in a state of con- f 
vergence to a point behind, that is, if the concavity " 
of the wave be turned to the front before deviation, 
then _ or y will be negative, and Equation (40), becomes 




/" 



-(i-7) 



and the vergency 
of the deviated rays 
will always be ne- 
gative. In other ^ 
' words, to whatever -^^•~ 
point behind the 
lens the wave may 
be tending to con- 
centration before de- 
viation, the deviation will cause it to concentrate in some 
other point behind. 

If the rays proceed from a point in front and at the 
distance of twice the principal focal distance, _/" becomes 
equal to 2 ^^, and Equation (4.0) I'cducea to 




~~ And Uie fod w 



1 



nn-ft-c^riiT. 



i JT 




I • ."CI- 'i»ef : ^re and 






__ ^ - • ■'1 









UvTico wo 

"rifitr*.] bv it. 
tjS is sriven 



V\ : . V", 
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/" = 



f.r.r' 



Focal distance; 



rr' — / (m — l){r + r') 



If the lens be supposed of glass, m = |, nearly, and 



/" 



2/r/ 



j\ (r + /) — 2/'/ 



For lens of glass; 



If the lens be equally convex, r = r\ and 

f"— — /'^ • 
J — 7: y 

f—r 

and if the rays be supposed parallel before deviation, 
^ = 00 , and 

§ 46. Each of the other lenses described may be sub- 
jected to a similar discussion. This being done, the re- 
stdts will conform to those exhibited in the following 

TABLE 



For lens equally 
convex; 



For parallel rays. 



I«ens. Incident pencil. 



f J Diverging 
1 +/ 



■^ r- 



CJonvex 



ti 



\ \-W-\ 



JCon^e^o, J ]-i-iJ 



Sign off" 



Eefracpcncil. 



■N r- 



■^ /- 



C — ) j Converges 
lf'^<f f 1 more. 



Table for convex 
and concave 
lenses. 



Omcave 



If., f S 



C + ; J Diverges 
lf"<f \ i more. 



j Converging 



Ik / 5 
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A 5;iu:Iar tafjie mar ak«> be wnstmereti b^ r'jczrili 
«->4'* t-T a o>iubLnatioa of anv of tte -^Diierioal leases 
taken r^v- an^l tw.\ and bj tonnula (:]•>*•» :I r anT ,?:.gi- 
bLuari'-a rakfii taree and three, and ^ '^ii. 

En ^^CLeral, :: niav be interreii from, tie T-recedfzi^ 
::ioIe. :;:a: *:i qvct Lenses tend to coHeci: the inciden;: rsTs, 
•va le --'CL'jave l-nses, on the contrary, t^aid ro i<:a:;c? 









•>"' 



^. 



T-r V ■: -' 'T^ 



•» J - ■• 









-^-errr^ncj airer. •iiminiaied br 

--i:r A ^^.m^canr reraency :neasired 

Hini!e. TO .^:^^cncl: die fjt'^a^ 



3!^ IL 



• h ..I 




.{ — 



•. \ 



-; iz:>. T-j. :e tne roeus 
j^'. fie iniT-e i> ^' -^A 



-:r=^:r-i ~:^^i_: viiei b 



.jv 



~ xTV X- le ~ji !iii:?tiiJE, 
-^.^iv^s- • x • j^ r and x. 
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and the corresponding values of /" \>jy and y', then Notation and 
Equation (33), '""""""= 



y 
1 



y 











from the first we find, 




1 1 1 . 


Transformatlona 


y X X 


and reductions; 



y 

reducing to a common denominator, and writing for the 
products yy' and x x\ the quantities/"^ and Z^, to 
which they will be sensibly equal, the Equation becomes . 

y' — y _x' — X ^ 

ff'2 f a ' 

and dividing by the interval of time t^ during which Time «, 
the change from x to x' takes place, which is the same ^^^^^^^^^^^J 
as that from y to y\ we have 





y' — y 1 x' — X 


1 






t /"=> "" t 




or, 


V" Y . 




Relation between 




1 • • • 


/A-1 \ conjugate focal 
^ / distances and 






velocities of 



in which V denotes the velocity of the radiant, and V" ^""""^ ^ ' 
that of its 'conjugate focus ; and since the denomina- 
tors must always be positive, being squares, the signs 
of the two velocities must always be alike. Whence 
we conclude, that in lenses a change in the place of 
the radiant will always be accompanied by a change 
of its conjugate in the same direction, and that the 
rate of change in the one will be to that of the other 

., /» J.1 • L' Ji* J. i» ii Conclude, that In 

as the squares oi their respective distances from the i^nses conjugate 
lens directly. This has an important application in the ''oci always more 
action of lenses when employed to form images. dii^uon. 

14 



•V - 




=- » ^:= 






Equatio 



li 
n 



^*-*-=- f infinitCj 



we 



Xj» 



n - 



4i 



1 «>^ ^HM«»- ^m^" 



~' =^ -T i 5=aZ pencil deriat 

: ^r^iz:::^ -nr: --iia of differe 

^- ^^^^ ^.--^iDon that tl 






aoi 



?n 



-•T ' 






= 75 • : 



i^ ^ z f- . -iz-i TTii..— ifs medimn, the dis- 






»- - ■«_- — "■ _-_ .".▼~*L 







:: - a'. :ve :ho:r rmo p.>?it:oas of all bodies beneath the 
sur: li.v^ . :' nn: J>, as the bottom of a vessel partly filled 
^;:ii water, and the apparent bending of a straight stick 
at the surfiioe when jportlj immersed in the same fluid. 
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APPLICATION TO THE DEVIATION OF LIGHT 
BY SPHERICAL REFLECTORS. 



§51. In reflexion, we have only to consider one de-^^"^^^<*° 

• •. /. -r-» • \Ti 1 !• applicable to a 

viatmg surface. Equation (20) applies nere by making spherical concaye 

m = - 1, which reduces it to, reflector; 






2^ 

T 



f 



. (43) 



But two cases can arise, and these are distinguished by 
the sign of the radius. The reflector may be concave 
towards incident light, in which case r will be positive, . 

4 

Qr it may be convex towards the same direction, when 
r will be negative. Equation (43) relates to the first 
case, which will now be discussed. 



If the incident rays be parallel, — =0, and 



Incident rays 
parallel ; 






or. 



2i_ 

r 



f'= ^ = F 



Fig. 83. 




■!= — Principal focal 
distance; 



Hence the principal focal distance is equal to half radius, 
and Equation (43), reduces to 



f 



1 

F. 



f 



fAA\ Equation for 
^ / discussion; 



Now, this Equation is only concerned with the re- 
flected wave, and if this wave be concentrated at all 
\ after deviation, it must be upon that part of the axis 
on the side of the incident light, and hence /', for a 



J-J XAXrHAL PHILOSOPHY. 



rvil f.vi:> !::::>: ^ T».>5£:L"re, and for a virtual focus ne- 

A> j.ci: S5 -^^ \ ~ . or/ > 2^, /' will be positive, 

Ari :i: T-rrt"z>:j ;: lif -IrTiared rays will be positive; 
•ij^ 5>v A viv£ '.rx'^^^'-j: i?-'^ai a point in front of the 
Tvi.v:.* 'ri.rv^'ici ilz Trlz-:cjal t">cus and infinity wiD, 
jL^^r ,;,-. ^:.-.c-. :i£ ^:cj^:z.:ri:eil into some other point in 






ictm •».ti»»» WV;ci _;^- >^ -1^ *i^/< -^.r/^ ^"^ ^ negative, and 

>,. x,--^— -:-/ -^^2 *:«: 3»ici-'^=: ^ •xher words, a wave 

v»-.wvv: :^ :r..rL i "• iji: -c lii'e ixis between the vertex 

^ ■» ■» 

i^'l V." r»: -.jJ '*.»:.:?>» vll z*i^-ii: :e c:noeatrated af ter de- 
-» ii::.vi'^ 'm;: 'v.l -^ji:*:-^' -- J*^-*''t>=^ mm a virtual focus 

V Uv: rfa'.;*.-:: :e i:: zie ^jii:r« or cuiTatnre,/= 2 F^ 






•• ■• 



».i. 



Ss i iTi : -;.-v:-. •,?:!;; ir-.c: r:»^ :^:iiire of curvature 









"^ J* :r.- ^ r; 



^C Ki'*^? 









» \ . ^ .... 



K' ivi> ^ '' \\ '^^\\*^.i :ic >_:iecaT iad centre, and 
I I > ♦ ♦ 

vNvo .. ^ /. . ^ ^ • -^^ - \ -;--' 'r /' > ^; so 
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If • Eeal radi&nts 

between the 
centre and 
f ^ 2jP^ ox f ^ T * principal focuB; 



then will 



-| -| Give real foci 

^ J or y > T m beyond the 

/ 2 jO. centre; 



that is, the focus will be at a greater distance from the 
reflector than the centre. 

When / = J^^ we shall have — 7=0; that is, the ver- Keai radiant at 

J the principal 

gency will be zero, which shows that a spherical wave focua 
proceeding from the principal focus wiU be transformed 
by deviation into a plane wave, which can only be con- 
centrated at a distance /' = oo . 

If the vergency before incidence be negative, / will 
be negative, and Equation (44), becomes 



-77 = -^ + -T- (45) Virtual radiants, 



Hence, /' will always be positive, and the vergency ^^^yagi^^^^ 
positive ; that is, when a wave is proceeding to con- fod. 
centration in a point behind a concave reflector, it will, 
after deviation, be concentrated into some other point 
in front. 

sures the vergency of deviated rays, is always algebrai- reflectors 

]J^ analogous to 

cally greater than — , which measures the vergency of convex lenses. 

the incident rays. Hence, concave reflectors, like con- 
vex lenses, tend to coUect the rays of light which are 
deviated by them. 



Equations (44) and (45), show that -_., which mea- 



2U 
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Dlffitrent eaies 
lu r«l1iK)(oni ; 



g 52. Bj discussing the several cases that wiH arise in 
attributing different signs to t and f^ and Tajiooa Tains 
to the latter, we shall find the results in the foUoTdng 



TABLE. 



1 
,., . , A 1t«fl««ior Incident pencQ. 7 

r -- * » / *- 



Signer-^ 



-N r 






I 






.o»^ I {^+) ! 



C + 1 ( CoBTosa 






-7f 






sV*«^vv 






- I 






< jDiTerjeflL 






\Nx» ^' ** ^ Wk\ 



* ^ 






ill.: ?::ivex ref ectors tend to 
i--: refrjtrrs to collect them. 






v.: :;ir. vr -- ^ ^r msfcrred to the first 



^v V ^v ^ 



* ^ 
■^ ^ 



■*, 



^ \ 



»x V* > vv> v'^x'-'^V '^.S'- 






^ ,• 



V. NX ^- \ 






r.*\ .^ :Zx:r£2i?c'i bv that 

^::.^,^~^ x-i'vri is mea- 

. - r i;i?I *: CCffiLStruct 
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the focus, draw the ^^ ^ constmction of 

__ -- - foci for reflectors. 

extreme ray jp i/, and 
the line DF^ mak- 
ing with the normal 
JBC; the angle COi^' 
equal to the angle 
of incidence, the 
point F'^ where this 

line meets the axis, will be the focus. The reason is 
obvious. 

§ 64. By a process entirely similar to that of §48, we For reflectors 
may find from Equation (44), which appertains equally to «>»J«f ^efoci 

•/ u \ /7 rr TL J move in opposite 

a concave or convex reflector by assigning to -=. itspro- 
per sign, 



directions. 






/ 



. . . (46) 



and because V and V have contrary signs, we conclude 
that the conjugate foci in the case- of spherical reflectors 
proceed, when in motion, in opposite directions. 

§ 65. Equation (43), by making r infinite, reduces to 



f 



1^ 
f 



Deviation by 
reflexion at 
plane surfaces ; 



or. 



Which shows, that in aU cases of deviation of a pencil 
by a plane reflector, the divergence or convergence will 
not be altered ; and if the rays diverge before deviation, 
they will appear after deviation to proceed from a point conclusion. 
as far behind the reflector as the real radiant is in 
front ; but if they converge before deviation, they will 
be brought to a focus as far in front as the virtual radi- 
ant is behind the reflector. 
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' ■ • -.voal ai;i:ruation, caujitics, and astigmatism. 



•» 



nrii> lUr tlu' <l:.^ci;-=:'-:i li:is been conducted upon 

• ' sii ion that tliLM l-iil-:I :- w-rv small, and that 3", the 
'.-!:u' «»r llio aiiulL- c\ iiu-IutkMl between the axis and 

■ .> ih'awii to tliL' ]':i.: -1* iiiculunce of the extreme 

* :\.' ]uM)oil, is <.»>:;::■!!, tliat all tlio iDroducts of 
:: !- a iiw\ov inav !..• i: --IvL-ted. If, however, she 
'.. iwA K«[iiati()ii (1^) ]>.' - »lved with reference to 

. • .r.;:.^ o( this lattv^-r «[:':i::t:ty will be expressed 

^ . :' ■ :, r\ r and c, and i::av be written 
* » « 



/; = Jf.. ; 



{iT, 



., ".! ;::v of the deviating surface, denoted by 



Fig. 35. 










- ■ •.' 'V, v.i',:-t luive an infinite number of 

. >. "•.-. ^\-.,'-. \L'/.i;j will :rivo the focus for those 

. . ' • •::;'. \ '.:'•■ : : . e '<\:rr)f re < 'f a cone and are 

^•. ■:/.* vi'.s'.av.o^s tVi'in th.e v<.'rti-x. Tliis wan- 

o v'.v\".::ovl ravs from a sin^-le focus is called 

, .. . f^ .r.v- \\i-.c:: o:iusod bv a spherical deviating 

^,^^v^ .•>. '. '< *r: r;:o or.se u::.\^r consideration and in 

'^•^*t>N* ;^*fK:v":i'lx\ ir :s called .'^jJiti-i-:.!? clrrrrafioti, "When 

^^l^^w^ :H C;>c diiYv :io:i K-^f r!io axis, it is called longitu- 

^fiek A5 ri^t>t a:\i::los :o tlie axis, hiUral aberration. 

H^^^^[y^>iC»( cho Svxvv.d :::o!::bor of Equation (19) 

w n ^iiin t^^u^Ciou may Iv wrirton 

r'^2i: (19)' 
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and subtractiug this from Equation (47), we find Measgn 

and IdU 

f^—f' = M, — M (^^^l"™!! 

in which the first member denotes the length of the ])oi- 
tion F' F^^ of the axis along which the different foci will 
be distributed, and will measure the longitudinal aber- 
ration. The lateral aberration is measured by the length 
of t)ie line F' Z, drawn through the focus of the rays 
near the axis of the pencil and perpendicular to the axis 
of the deviating surface. The linear length of the arc, 
(? ^ = 7- , fl, is called the radius of aperture, and it is found Kaains 
that in all cases of ordinaiy practice, the longitudinal "^^ 
aberration varies as the square, and the lateral aber- 
ration as the cube of the radius of aperture. 

If in Equation (48), we make «z ^ — 1, we shall have *^''"' 
the longitudinal aberration for a spherical reflector. 

If the value of /,' in Equation (47), be substituted for 
/ in Equation (18), and we write /" for /', then solve 
the equation with reference to/", still retaining; s and 
take the difierence between this value of /" and thaticna. 
^ven by Equation (27), we shall find the longitudinal 
aberration fur a, single lens ; and that for any number 
of lenses placed close together might be found by the 
same ] 



■ § 57, "We perceive that a spherical wave of any con- 
siderable extent deviated at a spherical surface, will not, 
io general, bo concentrated at, nor will it appear to pro; (phfrfcsi 
{je^d fi-om, the same point ; but if we conceive the wave «i»n«J™; 
Id bo divided into an indefinite number of elementary 
jjcmes by planes perpendicular to the axis of the devi- 
ating Bnrfaco, each zone will have its particular point of 
concentration or of diffusion, according as the foci are 
real or virtual. Moreover, longitudinal aberration di- 
lishes the focal distance, that is, in general, /,' is less 
/', 'and the deviated rays which are in the same J'^'t°l, , 

' ^ •' laugftDamal 

id on the same side of the axis, will intersect ibuuuon; 



-^ ± J J 



>-.i»«i^ r 



^ Sf.f 



t •— 



hC ^ -iMd 






» 



. C-- Jr- ••! f l 









• r - t 



T VU"15 






— "■•_ i'""*' -".1- ■.'''*'^ 






-• ^ •'. 




iLt- oonLlinz oxer, 
as \\ "wore, c-f the 
deviated Trave i:i> 
on itself, tLns pro- 
ducing at the CTisp 
c doTiLle tLe ethe 
real agitation due 
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to either segment F^ c' or d g, separately. If, on the con- virtual caustic. 
trary, the wave recede from the caustic on being devia- 
ted, the caustic will be virtual. Caustics are finely illus- 
trated on the surface of milk when the light is reflected 
npop it from the interior edge of the vessel in which i^^^s^^^i*^"- 
it is contained. 

§ 58. We have only spoken of a pencil of light whose obUque pencil- 
radiant is on the axis, which is usually called a direct 
pencil. When the radiant is off the axis, the axial ray 
of the pencil becomes oblique to the deviating surface, 
and the pencil is said to be oblique. In the case of an 
oblique pencil, however small, the deviated rays will not, 
in general, meet the axis as in the case of the direct 
pencil, but will all intersect two lines at right angles 
to each other and not situated in the same plane. These 
lines are called focal lines^ and the property of the de-Focai lines; 
viated rays by which all of them intersect both of these 
lines, is called astigmatism. Astigmatism. 

§ 59. It is, generally, not possible to deviate a si^herical Aberration 
wave of sensible magnitude by a single lens or surface ° °^^ 
of spherical form without aberration, and yet the practi- 
cal difliculties in grinding lenses and reflectors to any 
other figure render it necessary to adhere to tliis shape. 
Fortunately, however, two or more lenses may be so 
united that the aberration of one shall counteract that 
of another, and light may thus be deviated without 
aberration. When such combinations are used, a wave • 
proceeding from one point may be made by deviation 
to proceed from, or concentrate in, some other point. 
Such points are called apla7iatiG foci, and the combi- Apianatio foci, 
nations which produce them are said to be ajplanatic. colbinatioiia. 
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OBLIQUE PENCIL THROUGH THE OPTICAL CENTRR 



OWlqn«» [>«ncll 
throuish the 
optical centre ; 



Explanation. 



§ CO. We have seen, article (19), that a ray undergoes 
no ultimate deviation when it passes through a medium 
bounded hy two parallel planes. If, then, in the case 
of an oblif^ue pencil the rays diverge sufficiently to 
cover the entire face of a lens, there may always be 
found one at least which will enter and leave the lens 
at ])oints where tangent planes to its surfaces are pa- 
rallel. This ray being taken as the axis of a very small 
pencil proceeding from the assumed radiant, will con- 
tain the focus of the others, the distance of which from 
the lens, in very moderate obliquities, will be measured 
by f'\ given in Equation (27). This is obvious from 
the fact that in the immediate vicinity of the tangen- 
tial points the surfaces, which are spherical, will l)e 
symmetrical in respect to the line which joins them. 

To find where the ray referred to intersects the axis of th^ 
lens after deviation at the first 
Hurface, let M iV^iT' Jf'repre- 

Tortntitho fi^-'i^t i^ section of a concavo- 
optiniicontroof convcx Icus, of which the ra- 

»urrw«; ^^iii!^ ^0 of the first surface is 

7*, and C 0' of the second is r' ; 
S P and S' P' the traces of 
two parallel tangent planes. 
Denote by t the distance 0\ 
between the surfaces measur- 
ed on the axis, and by c the distance K^ from the fix^^* 
surface to the intersection of the line joining the tang^^" 
tial points P, P\ with the axis. Then, since the racJi' 
O P and C P\ dra^vn to the tangential points, must T?^ 
l^arallol, the similar triangles CP ^and C P' K^ wil^ 
give the relation, 



Fig. 8a 
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and replacing these quantities by their values. 



T 



r' 



T — e t' — t — e 



Same in other 
terms; 



from which we find 



6 = 



rt 



r — r 



T T 



(49) 



Besolt 



defined. 



But this value of e is constant, whence we infer that 
all rays which emerge from a lens parallel to their di- optical centre 
fections before entering it, proceed after deviation at the 
first surface in directions having a common point on the 
axis. This point is called the optical centre^ and may 
lie between the sm-faces or not, depending upon the 
figure of the lens. 

K we suppose but one deviating surface, then the 
medium behind must be of indefinite extent, in which 
case r' and t will become infinite and sensibly equal, 
and Equation (49) reduces to 



e= r. 



That is to say, the optical centre of a single deviating optical centre of 
surface is at the centre of curvature, a single surface; 

If the lens be double concave, the radius r' becomes 
negative, and the value of e^ in Equation (49), becomes 



e = 



rt 
r +r 



and if the fa<jes be equally concave, r will equal r\ and 

t 
. = _-. 

Of a donble 

That is, the optical centre is midway between the faces, concave lena, 
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an image of the iody^ because to an eye so situated as to image of a body 
receive these new waves, the object, though often modi- 
fied in shape and size, will seem to occupy the position of 
the new surface. 

An optical image is, therefore, an assemblage of foci optical image 
conjugate to a series of contiguous radiants on the^^^"®^' 
surface of some object; and its formation consists, in so 
deviating portions of the waves of light which proceed its formauon 
from the object, as either to concentrate them in some^®^*^^^* 
new positions from which they may proceed as from 
the object itself, or to cause them to move from these 
new positions without having at any time occupied them. 
In the first case the image will be real and in the second Eeai image; 
virtual. In general, but a part of each wave can be de- 
viated by the use of spherical deviating surfaces to sat- 
isty these conditions, for those portions remote from the virtual ima^'o. 
undeviated ray of each pencil cannot, in consequence of 
aberration and astigmatism, be brought to accurate ver- 
gency. 

§62. To ascertain the relation between an object and to find the 
its image, let us suppose the deviation to be produced ^"J^";^^^^^^ 
by a lens, so thin that its thickness may be neglected, imago formed by 
which is the usual case in practice. The optical centre ^^*^"^' 
O^ may be taken 
as the origin of co- 
ordinates. Denot- 
ing by Z, the dis- 
tance fi'om this 
point to any as- 
sumed point P in 
the object, and 

writing this quantity for /, in Equation (83), which we 
may do without sensible error, we get 




/"= 



F. 



II 



F 
1+ " 



V^^j corresponding to 



I 



an assumed 
radiant point 



1 



•^•( 



T^TTz.^z. rizi.:'*«C'j 






m. i 



— — -ITL j' 



I*-. Z.ti: — lUiL 



21:-— 1*^171 fSUiSisnixEr ir» "flit S]d3 
L i*t t TiTir. lint -P ^. Call *, 
£L "Hit Eni? a: nr-r tritiJ-^-De pai- 



Tt iLl'-t 



TLiSl^Z- 



!!**■ 



iLJr TL ^ITUIdiTL ?• .. Tfl^Iil-ii H H' 



- — :i-^ r.Jt i 



(51) 



"vi-iii. if "iii^ T* iiz ■i*:"ain:i:ii. nf tiiir zmL^^ Tc^eired to die 

mUll I-^iLtTr Iff L "It-Jir- I: 5f tiii- SLU-i- IZ. fcCTC SS the 



^— 



i.-r- 11- -_-r ./ 1. 



r = — 



^ — 1 :--Jr -T 



> llillbiiai 



•^ ^-ILI'r ~f 






I- -^ t 



1 *■ * - 



• »■ - -U T- — -»-P 



' ■• - - iza"*- -7- f_~ • -• - - : i "• ~ :^ "LLv 



r5r:« E'^iSiiiio 



iirht line 
it, 15 
ons. ¥« 



r = r. 






r =A.i—i' = 






(52) 






(53) 
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For tho same lens, F„ is constant : its value 5^, in ^™"'''' f^^ 

' '/ ' A ^ shows that th«5 

image of a right 

Equation (52), which is the radius of curvature at the line wiii be one 
vertex, is also constant. oftheoonio 

sections ; 

From Equation (53), it is easily seen that the curve 
will be the arc of a circle, ellipse, parabola, hyperbola, 
or a right line, one of the varieties of the hyperbola, ac- 
cording as 



/ 



f 



<1, 



^" -1 

"Jf — — •*■> Conditions for 

t/ the dlflferent 

conic sections. 



5 



^ = 00, 



or according as the distance of the object is infinite ; 
greater than the principal focal distance of the lens; 
equal to this distance ; less than this distance ; or zero. 

If the section P ^ be supposed to revolve about the 
axis of the lens, it will generate a plane, and the image 
a curved surface whose nature will depend upon the dis- 
tance of the object. 

We have seen that a positive value for y", answers sign of the focai 
to a virtual, and a negative value to a real focus ;jg^"^yj^^*^^ 
so, if the points of the image be indicated by positive whether the 
values for/", the image will be virtual; if by nega-^'^;^^''*^**' 
tive values, real. For a concave lens, F^, is positive, 
and Equation (51), answers to this case. For a convex 
lens, i^^ is negative, and Equation (51), becomes 

15 
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Image win bo 
real for a ccmTtz 
lens as long as 
the object is 
beyond the 
IBindpal focus; 



/"=- 



F. 



// 



F 
1— ^cosd 



C64) 



and the image will always be real as long as 



/ 



i^iCOSd < 1, 



or 



J—>F. 

cosd 



IIInstratioD. 



1%. 4a 



That is, if from the optical centre, with a radius equal 
to the principal focal distance, we describe the arc of a 
circle, and this arc cut the object, the image of all that 
part of the object in- 
cluded between the 
points of intersection 
A and A' will be vir- 
tual, while that of the 
parts without these lim- 
its will be real ; if the 
distance of the object 
exceed that of the prin- 
cipal focus, the whole 
image will be real. 




§ 63. Multiplying both members of Equation (51), b/ 
sin d, it becomes 



Kqnatlon QSl) 
transformod; 



r.sma = ^-'-^-*^°' .... (55) 

COS d "^ " 



and giving to ^, its greatest value for any assumed object, 
f tan ^ will be the length of tliat portion of the object on 
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the positive side of the axis as long as 6 is positive and less Explanation of 
than 90° ; /"" sin ^5 is the distance of the extreme limit of "^' 
the image of this portion of the object from the axis ; and 
writing 

y tan d = S^ Substitutions; 

/" sin i = S^,, 

Equation (55) becomes, after dividing both members by 
/tand, 



II -^11 



"^ + F.. 



Equation (55) 
transformed ; 



cos d " 



If the linear dimensions of the object be small as com- 
pared with its distance from the optical centre, we may compared wiui 
write imity for cos ^, the image" will, § 48, and Eq. (52), its distance from 
sensibly coincide with 5^^, and the above equation 
reduces to 

't=r^. «• . 

In which the essential signs of all the quantities correspond 
to a concave lens. For a convex lens, F^^ is negative, and 
Equation (56) becomes 

^// -^11 l^^\ Equation for* 

^ f Jf • • • • V '* convex lens; 

Equations (51) and (50), show that the imago of every 
real object formed by a concave lens is virtual, erect, 
and less than the object, while Equations (54) and (57), 
show that the image of every real object formed by a 
convex lens is real as long as the object is beyond the 
principal focus, is inverted, and less or greater than the by ^cavemd 
object, depending upon the distance of the latter from*^°^'^^®°*®* 
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When the image the Optical Centre. When the distance of the object is 
theobj^l; twice that of the principal focus, Equation (57) becomes 



4^ = -i, 



other cases. and the objcct and image are equal in size. When the 
object is within twice the principal focal distance, it is 
less, and when beyond this same distance it is greater 
than the image. 

Keiation between § 64:. If wc make ^ cqual to nothing in Equation (51)^ 

lineardimensioney.,, ^j^ coiucidc with the axis of the IcUS, itS length 
of the object and •' ^ . 

image; wiU mcasure the distance of the image from the opti- 

cal centre, while / wiU measure that of the object on 
the same line. Denoting these distances by D,^ and D^ 
respectively, substituting them in Equation (51), clear- 
ing the fraction in the second member, and dividiDgr 
both members by i?, we find 



D F 



ij f^F,; 



which, in Equation (56), gives 



't-W- •••••• (58) 



Bameinworda. That is to say, the Corresponding linear dimensions of an 
object and of its image are to each other directly as 
their respective distances from the optical centre. 

Image formed by § 65. If au image be formed by deviation at a sin- 
deviationata j^ surfacc, its poiuts wiU be readily found by means of 

lingle Burfaco; ° 7 r ./ ./ 

Equation (36) ; the optical centre, in this case, being 
at the centre of curvature § 60. 

Writing f for c, and f for c\ that Equation becomes 
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1 m—l rrb Equation 

-77 = 1 :? 5 applicable; 



making J^ = oo, 



1^ _ m-1 __1_ 



/gQ\ Principal focal 
^ ' distance ; 



hence, 



\ \ ffh Equation for 

"27 ^^ "r» •" "f ' discussion ; 



or, 



f z=z — '- — = • Bame In another 

•' f+mF, 1 ,mF, tom; 

For an oblique pencil passing through the optical cen- 
tre, we have, on the supposition that the object is a 
right line perpendicular to the axis of the surface, 

^/ -^ .^^. Same for an 

J = ^ .... \pV) oblique pencil 

1 + ^ ' COS 4 through the 

f optical centre. 

wherein 5^?-^ = -, as in article (C2). 

§ 66. If the image be formed by reflexion, m = -— 1, 
and Equation (60) becomes 



/f Jr, //»-|\ Image formed by 

— py .... \01) ^flejion; 

1 + -:i^ COS 6 

J 
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Dlofltration ; 



since for a concave re- 
flector, J^, Eq. (59), 
becomes negative. This 
is a polar equation of a 
conic section, the nature 
of which will result 
from the relation of F, 
to /. It will, § 62, be 
an ellipse, parabola, or 
hyperbola, according as 



Fig. 41. 




Image of a right f>^i\f = F^\ OT f < F'. 

line will be a 
conic section. 

Relation between ^ ^'^ ' ^^ ^ proccss entirely similar to that of §63 and 
dimensions of §64, wc shall find that the linear dimension of the ob- 
object and imagcy^^^ ^ ^ ^j^ CQ^^respouding dime?ision of the image^ as the 

distance of the oljeM from the centre is to that of the 
image from the same point And a moment's reflec- 
tion will show us that all real images must be in front, 
while all virtual images must be behind the reflector. 

§ 68. We get the point in which the image cuts the 
axis by making 



Equation for 
discossing a 
concave reflector; 



or 



^=0, 



/'=- 



F. 



'-? 



/ 



4+1 



(62) 



Interpretation of 
resnlts; 



This value of f being negative, the image will be 
found on the left of the centre, the distance f having 
been taken positive to the right. As long as / is posi- 
tive, the image will lie betwe'en the centre and reflec- 
tor, /' will be less than f and the image, consequently, 
less than the object. When f is zero, y will also equal 
zero, and the object and image will be equal and occupy 
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Positions and 



the centre. When / becomes negative, or the object 

1 T n /./ n relativesizeof 

passes between the centre and reflector, / will be posi- the image when 
tive as long as/* < i^, and the image will pass without, «»« object is 
f* will be greater than/*, or the image will be greater than centre and the 
the object. When/", being still negative, is equal to F^ ^®^^^ 
or the object is in the principal focus, the image will be 
infinitely distant. The object still approaching the reflec- 
tor, / will be greater than F^ ; f becomes negative again 
and the image will approach the reflector from behind it, 
and will be greater than the object tiliy = 2 i^ or the 
object be in contact with the reflector, when y will equal 
y*, and the image and object be of the same size. 

§ 69. When the reflector is convex, t is negative, the Convex reflector; 
principal focal distance F^ Equation (59), is positive, and 
Equation (60) becomes 

_ F^ . .^o\ Equation 

/ — ^ ^ • • • • V"^/ applicable; 



F 

1 rr cos ^ 



and making d f= 0, 



ft __. J (64:). Equation for 

•^ T discussion: 
1 

This value of/*' is always positive, greater than i^, and^^^^^^^ 
less than 2 i^, for all values of/*, between 2 F^ and in- between the 
finity, or for any position of the object from the surface ^^^^^^^'f. *'"*^ 

•/ ' «/ ir o for real objects ; 

of the reflector to a point inflnitely distant in front. In 
the latter position, f is equal to i^, or the image is in 
the principal focus. It follows also, that the image, which 
will always be virtual for real objects, will be elliptical, 
erect, and smaller than the object. 

§ 70. If we make / positive, greater than F^ and less same for virtual 
than 2 F^, the object will be virtual ; the image real, ''^^'^'^ 
erect, and greater than the object. 
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OF THE ETE AND OF VISION". 

Th»*yt: § 71. Tlio eye is a collection of refractive media which 

concentrate the waves of light proceeding from every. 
jH^int of an external object, on a tissue of delicate nerves, 
oallod the retina, there forming an image, from which, 
l>v some process nnknown, our perception of the object 
arises. These media are contained ia a globular en- 
iv«rvHv»ti««» velope cvMniH>sed of four coatin«js, two of which, very 
^»\iK«ixvwwau; uuoiiual m extent, make up the external enclosure <rf the 
ONW the others serving as lining to the larger of th^ 
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it, is tlie first refractive medium, called the aqueous ^^"^^^"^ 
Tiumom\ which is fomid to consist of nearly pure wa- 
ter, holding a little muriate of soda and gelatine in 
solution, with a very slight quantity of albumen. Its 
refractive index is found to be very nearly the same as 
that of water, viz. : 1,336, and parallel rays having the 
direction of the axis of the eye will, in consequence of 
the figure of the cornea, after deviation at the surface 
of this humour, converge accurately to a single point. 

At the posterior surface of the chamber A^ in con- 
tact with the aqueous humour, is the iris^ 9 9^^^'' 
which is a circular opaque diaphragm, consisting of 
muscular fibres by whose contraction or expansion an 
aperture in the centre, called the pupil^ is diminished ^°p"' 
or increased according to the supply of light. The ob- 
ject of the pupil seems to be, to moderate the illumi- 
nation of the image on the retina. The iris is seen 
through the cornea, and gives the eye its color. 

In a small transparent bag or capsule, immediately 
behind the iris and in contact with it, closing up the 
pupil, and thereby completing the chamber of the aque- 
ous, lies the cj'ystalline humour^ J?y it is a double con- Crystalline 
vex lens of unequal curvature, that of the anterior sul'- °™°"' 
face being least; its density towards the axis is found 
to be greater than^ at the edge, which corrects the 
spherical aberration that would otherwise exist ; its 
mean refractive index is 1,384, and it contains a much 
greater portion of albumen and gelatine than the other 
humoiu'S. 

The posterior chamber C^, of the eye, is filled with 
the vitreous humour^ whose composition and specific Vitreons 
gravity differ but little from the aqueous. Its refractive ^^™^"' 
index is 1,339. 

At the final focus for parallel rays deviated by these hu- 
mours, and constituting the posterior surface of the cham- 
ber C, is the retina^ JihJi^ which is a net-work of nerves 
of exceeding delicacy, all proceeding from one gi'^^^oiitic nerve- 
branch 0^ called the oj>tio nerve^ that enters the eye 
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n» 42. 



OfApliln 
rtprniictitatlon of 



3 




tlh«»M»l iHHit ; 



m>K'k\v, .» v»^»- 






ol)li(iiu>ly on the side of the axis towards the nose. The 
rotina linos the whole of the chamber C, as far as i«i 
wluMv tho capsule of the crystalline commences. 

Juj^t bohind the retina is the clvoroid coa% hJc^ cov- 
orod with a vorv Mack velvety pigment, npon which 
tho iKM'Nos of tho 'retina rest. The office of this pig- 
inont aiMvars to bo to absorb the liirht which enters the 
\^\x^ as svv^n a^i it has excited the retina, thus prevent- 
u»nv '^liU^rtud rotlo\ioi\ ar.d Ovnisoqnont confusion of vision. 

riu^ ruAt ;\r.d last in order is the sclerotic coat^ which 
'. i c; ',!vv\\, tv^Uifa o"vo'o'!V ti dd'\ imitin<r with the cor- 
i^^^ ;;, ..' .:* ^ av,vl v\^::s:. :;::::.:: what is called the white 
N^5 ^!\^ v'\v^ I: is :.^ :*,:s o:a:*"c that the muscles are 
,i, is' n\\ w ' v''\ ;:.\o :::.:•;:: :o ::ie whole bodv of the 
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of the retina from the crystalline lens. The habitual ^^^^^^ p<^s^^*<^^ 
position of the retina, in a perfect eye, is nearly at the 
focus for parallel rays deviated by all the humours, be- 
cause the diameter of the pupil is so small compared with 
the distance of objects at which we ordinarily look, that 
the rays constituting each of the pencils employed in 
the formation of the internal images may be regarded 
as parallel. But we see objects distinctly at the distance 
of a few inches, and as the focal length of a system of 
lenses, such as those of the eye, Equation (25), increases 
with the diminution of the distance of the radiant or 
object, it is certain that the eye must possess the power ^^^^p^^^^^^^^ 
of self-adjustment, by which either the retina may be power of 
made to recede from the crystalline humour and the''"'"'^J^*°''°*= 
eye lengthen in the direction of the axis, or the curva- 
ture of the lenses themselves altered so as to give greater 
convergency to the rays. The precise mode of this ad- 
justment does not seem to be understood. There is a 
limit, however, with regard to distance, within which 
vision becomes indistinct ; this limit is usually set down 
2it six incTies^ though it varies with different eyes. The j^.^^.^ ^^ ^.g^^^^ 
limit here referred to is an immediate consequence of vision; 
the relation between the focal distances expressed in 
Equation (25), for when the radiant or object is brought 
within a few inches, the corresponding conjugate or im- 
age is thrown behind the point to which the retina may 
be brought by the adjusting power of the eye. 

With age the cornea loses a portion of its convexity, 
the power of the eye is, in consequence, diminished, and 
distinct images are no longer formed on the retina, the ^°"^ ^'«^^®**°^ 

1 ? • T . -r-fc . *°^ ^^ remedy ; 

rays tendmg to a focus behmd it. Persons possessmg 
such eyes are said to be long sighted^ because they see 
objects better at a distance ; and this defect is remedied 
by convex glasses, which restore the lost power, and with 
it, distinct vision. 

The opposite defect arising from too great convexity 
in the cornea is also very common, particularly in young 
persons. The power of the eye being too great, the 
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5s«>^?o*?ft«» in> njro is tV^nneJ in the vitreoiis humour in front of the 
KTs, .;» tv..,*v . :vti::a, uuvl thoromodv is in the use o{ co?icave s}2^ssi^ 
l\i>i> aro said to have occurred, however, in wliieh the 
prv^»v.:!;onoo v^f trio cornea was so great as to render the 
v\^:;vo:r:o:i: ap{\:or,::on of this remedy impossible, and 
roliof w,;> vr.v.vl in :!ie removal of the crystalline lens, 
r. r*A\\'>> e :::::: :i ::i c;is:s of cataract, where the crys- 
!;//» ':.^ ' >.> ::s rr.ir.sparonoy and obstructs the free pas- 

V^«^^ V V « ■ ■ ^^ «•« «v ^««v »V«* *»«%* 

I .^«^xx , .^ .>^ To :*-o: :'.;;: -"vcrtvV. :i::acos are formed upon the 
^v * *-^* r.: :v,. ?.:^; ^vo. :>:vcr:hoIc<>* see objects erect, has mven 

r <.* : ^ r. ^^;..; ^u\l. o: ^::so::5<?:on. Without attempting 
"^^ C .V.'"-": t!:e rv:::.a tv:* ascertain what passes there, 
:: ^ Vv ..v;.; :V.i: :";.:- >'::::. z. o:' the difficulty is found 
'"::*:> > ".- \' >:«:: -.::":. vir. : :}mJ* ic^ look at the dbjed^ 
¥s.. ■ct.'VN*'^ 't * .*• :^, i.'vrv. Tl.:s s-yrna-^r? iliar every point in an 

^■^■^ *^^ ^^. ... .\^. -.:."/^ rrou^c^ w£:hon: reference to its 

*^ ^ V' "^ \: :v ':^s^ :l\r scz<;i:::c o: :he existence of the 

,r . v< ' ' :: vi : :r. :>.: .'r'v-v'^^ the rc^sidon of which 

V. \< >^- ;- ;-: - :!.£- :ix*s of the pencil 

- :" - ;. *>:'.: ■-:r:-:x : all the axes 

. ' » . ...'.-': ' ~ , ",\ Tr>/.y:L IS jnst within 

. ■■ " • _ " : ' " , -: y«: i~ : ■:•: an object 

. -V , ::. •_: ^:\ V" ::s —Ji^cts the highest 

Nv , V -. .^'^^:^•^ • • 1 :': : l/\:::-^s: wint of 

' ^ ' . ' - ; ^,~-j, ~:: :1 : s-c^scitious be- 

■^ • * ^ » 

- V ^ •■■:.>,":: y«. 17- rs tt:.. appear 

> - . : ^■:*:: :: wliijli thev 

. , > -- . ;• "c- :~ tIv :::::vz^, the 

' .... V \. , .^ >< :: :.-' -^ :1": nii-c :o the 
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§ 72. The apparent magnitude of an object is deter- Apparent 

J 1 xi i. i. i^ ^' ^ J 1 •!. • magnitude of an 

nuned by the extent oi retina covered by its image. object 



determined ; 



Fig: 4a 




If, therefore, i? i?' be a section of the retina, by a 
plane through the optical centre C, of the eye, and 
A B =1^ al = \ the linear dimensions of an object and 
its image in the same plane, we shall have, from the 
similai' triangles CA B and C a 5, 



s 



(65) 



denoting by e, the distance ^of the object. And for any 
other object whose linear dimension is V and distance e , 
calling the corresponding dimension of the image X^, 



Dimension of 
image of an 
object on the 
retina; 



X = 



- C a. 



V 



Same for a second 
object ; 



and since G a ia constant, or very nearly so, 



. I V 

X • • __ • 

'••7T' 



Proportion ; 



that is, the apparent linear dimensions of oljects are as 
their real dimensions directly^ and distances from the 

eye inversely. But — , may be taken as the measure of ° ' 

s 

the angle B C A = hC a^ which is called the visual an- 



uas 



N ATT UAL rillLOSOPIIT. 



|{uN» nss«»«\ 



j/«\\ i\\\\\ hot\ov^ Mc' app(n\iit liiitar magnitudes rf dhjedti 
xitv .v»jA/ ^» /v xfitwtli/ j'n'fortional to t/wir visual anghs. 
SiuaU auvl liu^vj^^ objoct> may, therefore, be made to ap- 
{v;ir v^l* Ov(Ui\l vli:uou>;on5 bv a projvr a Jjustmeni of their 
x;is;;v.iv\^ t\v:u tho ovo. For example, if X = >-. we hive 






/ 






^ sr 



r 



\.., 



,•» .N*j« > ^ 



o: : .:\ . = £•»:•:. is^i 7 = :ji if i s* 



'. c 



* **** *"J.i*!i ?r7 ^C— ^ 



Vk-M^V 






V.t--*« 



• •"-- • 



iT z' 
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Its operation 
illostrftted ; 



be continued. Such a medium is called a single micros- single 

_ J Ti "j./*! 1 ••IP! microscope ; 

cope, and usually consists ol a lens, whose prmcipal focal 
distance is negative and numerically less than the limit of 
distinct vision. / 

To illustrate ^^s- ^4. 

the operation of 
this instrument, 
let Jf iV" be a 
section of a dou- 
ble convex lens 
whose optical 
centre is ; 

Q P 2Ji object in front and at a distance from C equal 
to the principal focal distance of the lens ; E the optical 
centre of the eye, at any distance behind the lens. 

The rays Q and P C, containing the optical centre, 
will undergo no deviation, and all the rays proceeding 
from the points Q and P, will be respectively parallel to 
these rays after passing the lens; some rays, as -^ -^ExpianaUon of 
from Q, and ME ii'ova jP, will pass through the optical the figure; 
centre of the eye, and will belong to two beams of light 
whose boundaries will be determined by the pupil, and 
"whose foci will be at q and p on the retina, giving the 
. 'visual angle, 



MEN= PCQ; 



Belation from 
same; 



or the apparent magnitude of the object P Q, the same 
as if the optical centre of tlie eye were at that of the 
lens. And this will always be the case when an object 
occupies the principal focus of a lens whatever the dis- 
['tance of the eye, provided the latter be within the field 
of the rays. 

Without the lens, the visual angle is QEP <^P C Q; Effect of the 
hence, the apparent magnitude of the object will be in- 
^ireased by the lens. 

Calling X and X^, the apparent magnitudes of the ob- 
lect as seen with, and without the lens, we shall have, 



single 
microscope ; 
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Fig. 45. 




is seen, let Q P, be 

an object in front of 

a concave lens. From 

P, draw through the 

optical centre ^, the 

line P^y from P, 

draw the extreme 

ray P J/", and from 

Jf draw M S^ making with P J/ produced the angle SMT 

equal to the power of the lens ; then will, § 47, MS be 

the corresponding deviated ray, and its intersection j9, 

with the ray P E^ through the optical centre, will be a 
point in the image ; from j9, draw p q^ parallel to P Q^ 
till it is cut by the ray Q E^ through the other extreme 
of the object and optical centre ; ^ 2' will be the image. 
Let (?, be the optical centre of the eye ; then denoting 
the visual angle ^ (9 g' ^7 -^3 ^^^ have, 



To find the 
visaal angle 
under which an 
image formed by 
a lens is seen ; 



A=^^ 



Oq Eg-OE' 



Yalae of Yisaal 
angle; 



and representing the distances Q E hj f^ JEq\>j /", 
and EOhj d^ we find, 

^P = QP.^\ Eq-EO=f"-d\ 
and hence 



A-QP f" • 



Same in other 
terms; 



ai^d denoting the visual angle PEQ hj A\ 



A _ f" __!_ 
A'- f"-d-^_ 



d_ 



16 



Batio of visual 
(67) angles with and 
without the lens, 
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Sign of this 
ratio depends 
upon; 



Eye placed so as 
to see the image 
formed hy a 
concave lens ; 



Fig. 4a 



The angles A and A! will have contrary signs wlien on 
opposite sides of the axis of the deviating surface. 
Tlie relation expressed by this equation answers to a 
concave lens in which f" will, Equation (27), be posi- 
tive for a real object. Moreover, d is positive, the eye 
being on the same 
side of the lens as 
the object ; but that 
the image may be 
seen the eye must — 
be on the opposite 
side, in which case 
d will be negative, 
and the Equation 
becomes 




Equation 
corresponding to 
this case; 



A' 



1 + 



d_ 
f" 



(68) 



Beal image 
formed by a 
convex lens ; 



whence we conclude that objects will always appear dimin- 
ished when seen through concave lenses. 

If the lens be 
convex and the 
object be situa- 
ted beyond its 
principal focus 
f" will be nega- 
tive, and Equa- 
tion (68) becomes 




Equation 
corresponding; 



A' ~ ^ ' 



(69) 



Distinct vision 

supposed possible and supposiug distinct vision possible for all positions 

for all positions ^ . , . . 

of the eye. ^f the eye, it appears, 
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1st. That when the object is at a distance from the conclusion fim 
lens greater than that of the principal focus, in which 
case there will be a real image, the lens will make 
no diflference in the apparent magnitude of the object, 
provided the eye is situated at a distance from the 
lens equal to twice that of the image. 

2d. At all positions for the eye between this limit second, 
and the image, the apparent magnitude of the object 
is increased by the lens. 

3d. At a position half way betweea this limit and Third, 
the lens, the apparent magnitude of the object would 
be infinite. 

4th. The eye being placed at a distance greater than Fourth- 
twice that of the image, the apparent magnitude of the 
object will be diminished by the lens. 

5th. When the distance of the object from the lens„^ 
is equal to that of the principal focus, in which case /" 
becomes infinite, the apparent magnitude will be the 
same as though the eye were situated at the optical centre 
of the lens, no matter what its actual distance behind 
the lens. 

§ 75. The visual angle under which the image formed to find the visual 
by a refiector is seen, is found in the same way. Thus, let *"^^® "°^^^ 

'!' , / ./ ? which an image 

jP^ be an object in formed by a 

front of a convex re- ^^'^^ reflector is seen; 

Sector Jf iT. From 

the extreme point -P, 

of the object, and 

through the optical 

centre C, draw the 

ray JP C\ from the 

same point jP, draw to 

the extreme of the 

reflector the ray P M^ and from M draw MS^ making 

with P Jtr, the angle P MS equal to the power of the Explanation; 

reflector; Jf/S^will, § 53, be the deviated ray, and its 

intei'section with P (7, will give the image of the point 
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Construction of P, Draw J? §', paral- 



the Image formed I i 
by a reflector ; 



Fig. 4a 



to P Q, till it is 
intersected by Q (7, 
drawn througli the op- 
posite extreme of the 
object and optical 
centre, and we have 
the image. Let the 
optical centre of the 
eye be at (9 ; then, de- 
denoting the visual angle ]p qhy A^ will 




Value of visual 
angle with the 
reflector ; 



Ratio of visual 
angles with and 
without the 
refloetor. 



A = 



- 11. = ^ 9ji' 

Oq G Q' Oq' 



and representing, as before, O Q, Cq, and C 0, by /, 

j', and d, respectively, and the visual angle ~-—±.hjA', 

(J Q 



we have 



A' 



- d-f 



m 



We shall not stop to discuss this Equation. 



In practice § 76. We havc supposed, in the preceding discussion, 

disunct vision is ^igtinct visiou to be possible for all positions of the eye ; 

not possible for ■• j i /. 

all positions of but this we Kuow dcpcuds upon the state of convergence 

the eye; ^j, divergence of the rays. If, however, the imagie, 

when one is formed, instead of being seen by the naked 

eye, be viewed by the aid of another lens, so placed 

that the rays composing each pencil proceeding from 

the object shall, after the second deviation, be parallel, 

or within such limits of vergency that the eye can 

command them, the object will always be seen distinctly, 

And the image Is and either larger or smaller than it would appear to 

therefore viewed ^|^^ uuassistcd cvc, dependiufi: upou the magnitude oi 

througli an eye j i r o r o ^ ^ 

Una. the image, and the power of the lens used to view it. 
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As most eyes see distinctly with plane waves or parallel Position of the 
rays, this second lens is nsnally so placed that the image «y®^®°^ 
shall occupy its principal focus ; and where this is the 
case, we have seen that the apparent magnitude of the 
image will be the same as though the eye were at its 
optical centre. 



Fig. 49. 



Befracting 
telescope; 



The image p q^ being in the principal focus 
of the lens m n, draw from the point j9, the line construction for 
p 0^ to the optical centre of this lens; the rays from ^ J^ght^^aLdto 
will, §73, be deviated parallel to this line,, and the line*® retina. 
O' K^ through the optical centre 0' of the eye, paral- 
rel to p Oy will determine by its intersection K^ 
with the retina, the place upon that membrane of the 
image of the point P, 

Calling the principal focal distance of this lens, {F^) ; 
d^ in Equation (67), will equal /" + (i^,), and that equa- 
tion will become, by first making f" and d negative and 
then replacing d by this value. 



—T-f = TTn — • • • •• • \'-^y made applicable 

-^ \'* /// to this telescope ; 



and if the object P Q^ be so distant that the rays com- 
posing each of the small pencils whose common base is 
M N^ may be regarded as parallel, f" becomes ^^, 
and we have, 

A Tp Batio of visual 

— - = *JL^ •••••. (72) angles for parallel 

A. (P..) ravs: 



raysi 
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Fig. 49. 










■> ••• 



(is(uaciv^ ^7U inTolTes the principles of the compound 
t^'UKti/uf fnicn^vp^^ and refracting telescope ; and 
h-^ttAfiott ^T^\ which is a particnlar case of (71), relates 
•v .:ic ta^'^m^mi'Mj f^r meting telescope. The lens J/ JT, 
•tv \' -iv ■Mk'v:-\ '5f> calica the o^>Ject or field lens^ and ttiw, 



/*v V< *. 'ii'^ 



» • 



Tic *:u^r'.:tyiiig power in the first case, is 
.\;.uii 1' .-)* *^^:riK.\ j* tAe image fir om the field lens 
.i!*i.'i / »■ :\ •*'•' i.,''\'u\r'i^,il length ofi the eye lenSj 

\ - •'• "r-ncipal faced length ofi the 

\ * ■" '" \Lj ff/e Itns. 

.-. . *.».!"^ noirative, shows that oh- 

■,■• ■'•- ::^-: rLiese instruments, the vis- 

« ■ ^ • ^ ^ ; ii^-^ ot the object and im- 

. >. . - ■■,< ;c :he axis. 



> \ V 



V « 



*-> 



^ 






\ 



^ 



.•••-:\* a v.vncaTe lens be nsed 

:.*;•« Ti -rfl be of the form used 

• ■ < "ismriiont in 1G09. In 

. •- < v*;LCv:d in front of the 

•.•:: c 'rs rrincipal fociLS so 

.. : v-.-.:.! s^ill emerjxe from it 

: -. T-::r: the image of P 

. • \v: :-;::oaI centre of 

. . ..I ;-::::?-:- 0' of the eve, 

. > • \ .Vvvrlcn K. with the 

n the back 



• .f ii ..V 



... r> 



JT C 



\* 



ELEMENTS OF OPTICS. 247 



Fig. 60. 



Galilean 
telescox>e; 



The iTile for finding the magnifying power of this Magnifying 
instrument is the same as in the former case ; for we ^^^J^ ^^^^^ 

' ana^ticollj; 

have, 

which in Equation (67), after makingy", and d^ negative, 
gives 



A f" 

_ = J- ; (73) Ratio of visual 

■A. (-^/) angles; 



and for parallel rays. 



JP^ fiyA\ Same for parallol 



// 



^' {F,) 



(74) 



rays; 



The second member being positive, shows that objects objects appear 
seen through the Galilean telescope appear erect. ^^^^ 

§ 78. If we divide both numerator and denominator of 
Equation (72), by F^^ . (i^,^), it becomes, 



A _ {F^) Magnifying 

~T7 — ■"" -| 5 power in terms 

-^ of the powers of 

Ju ^^ the lenses ; 

and denoting by Z, the power of the field, and by Z, that 
of the eye lens, we have 

A I 

— ^ = — -_- (75) Eatlo of visnal 

A JLi angles; 



NATURAL PniLOSOPHT. 

that is, the magnifying power of the astronomical tele- 
Bcope is eqiial to tite quotient arising from dividing the 
power of the eye lens hy tlmt of the field lem. 



jnofUie — 




§ 70. If S, be the optical centre of the field, and 
that of the eye lens of an astronomical telescope, the 
line E 0, passing through the points E and 0, is called 
the axis of the instrument. Let Q' P' be any object 
whose centre is in this axis, and ^ p' its image. Now, 
in order that all points in the object may appear equally 
briglit, it is obwous fi'om the figure, that the lens must 
be large enough to embrace as many rays from the points 
P' and ^', as from the intenuediate points. It is not 
so in the figure ; a portion, if not all the rays from those 
points will be excluded from t!ie eye, and the object, in 
consequence, appear less luminous about the exterior 
than towards the centre, the brightness increasing to a 
certain boundary, within which all points will appear 
equally bright. Tlie angle subtended at tlie centre of the 
field lens, by the greatest line that can be drawn within 
this boundaiy, is called the field of view. To find this 
angle, draw m ]V and Mn to the opposite extremes of the 
lenses, intersecting the image in^ and j, and the axis in 
X^; then will ^ q he the extent of the image of which 
all the parts will appear equally bright. Di-aw qEQ 
aa^pEP; the 'angle PEQ=pEq, is the field of view, 
which will be denoted by £ ; 






(76) 
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but 

„nrk <n Transformations; 

i>j = J^.Xr (77) 

to find X and Xr, call the diameter MN oi the object 
lens a, that of the eye lens ^, and we have 

a : /S : : EX : X O ProportionB; 

(i + ^:^::i:X+XO:XO 



hence, 



^0=-i-^.if"+iF„)); 



and in the same manner, 



£:X= "^ . (/" + (i^,)) ; Eelations from 

a+ 13 the figure; 

Xr=f"-FX=f"- ^.{J"+{F„)) = ^^"-^f'h 



these values in Equation (77), give 

13 f" — a (F ) Substitutions; 

and this in Equation (76), gives, by introducing the 
powers of the lenses, 

r T P V — CL Jj (^Q\ ^*°*^ value for 

* T-KZ"" V*^) field of view. 

The rays of each of the several pencils emerging from 
the eye lens parallel, will be in condition to afford dis- 
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tinct vision, and the extreme rajs m 0' and n 0', will 
be received by an eye wliose optical centre is situated 
Proper ptBiu™ at 0' . If the eye be at a greater or less distance thar*. 
indiorMta '^'i f^'om the eye Ions, these rays will be excluded, ani 
'■'""P"! the field of view will be contracted by an improper posi- 
tion of the eye' It is on this account that the tube con- 
taining the eye lens of a telescope usually projects & 
short distance behind to indicate the proper position for- 
th e eye. 

From tlie similar triangles p Oq and m Cn, we havs 



0'=5^.r0=?i?l+i>.(i?) 



(») 



This also applies to tlie Galilean instrument, by chang- 
ing the sign of I, which will render 0', negative. 
The eye should, therefoi,'e, be in front of the eye-glass 
in order that it may not, by its position, diminish the 
field of view; but as this is impossible, the closer it is 
placed to the eye-glass the better. 
" Wiicn the telescope is directed to objects at diiferent 
distances, the position of the image. Equation (37), will 
vary, and the distance between the lenses must also be 
changed. This is accomplished by means of two tubes 
which move freely one within the other, the larger usu- 
ally supporting the object and the smaller the eye lens. 



§ 80. The terrestrial telescope is a common astronomi- 
cal telescope witli the addition of what is termed an 
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erecting piece^ which consists of a tube supporting at Erecting piece; 
each ejjd a convex lens. The length of this piece should 
"be such as to preserve entire the field of view, and its 
position so adjusted that the image formed by the object 
glass, shall occupy the principal focus of the first lens 
of the erecting piece, as indicated in the figm^e, 



Fig. 52. 




Terrestrial 
telescope ; 



in which case a second image will be formed in the prin- 
cipal focus of the second lens of the erecting piece, and 
the corresponding linear dimensions of these images will 
be to each other as their distances from the lenses whose jj^j^^j^jj^g^^^g^^ 
principal foci they occupy. Equation (72). These images the hvo images 
being viewed through the same eye lens, viz. : that of "^^^^ ' 
the telescope, their apparent, will be directly as their real 
magnitudes. Hence, denoting by A and ^" the visual 
angles subtended at the optical centre of the eye lens by 
the first and second images respectively ; by l' and I" the 
powei*s of the fii'st and second lenses of the erecting 
piece, we have, 



^" 



K 



«// 



K 



«/ 



r*' 



Batio of their 
visual angles at 
the optical centre 
of the eye lens ; 



in which J^^ and i^^^^, are the principal focal lengths of 
the first and second lenses. Multiplying this by Equation 
(76), member by member, we have for the magnifying 
power of the terrestrial telescope, 



A^ 
A' 



l_ 
L 



1 



Magnifying 
power of the 
terrestrial 
telescope. 
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Objects appear And since the ratio of A!^ to A! is positive, objects wiLZH 



erect 



appear through this instrument erect. 



Componnd 
microscope ; 



§ 81. If, now, the object approach the field lens, f'^^-^ 
in Equation (Yl), will increase, and the magnifying pow^iM* 
become proportionably greater; but this would require 
the tube containing the eye lens to be drawn out to ol 
tain distinct vision, and to an extent much beyond tL 
limits of convenience if the object were very near. Thi 
difficulty is avoided by increasing the power of the ol 
ject lens, as is obvious from Equation (54) ; and wherm 
this is carried to the extent reqiiii'ed for very great pros^- 
imity, the instrument becomes a compound microscope 
which is employed to examine minute objects. The coi 



Componnd 
microscope ; 



Fig. 6& 




Same in principle pound microscopc uot differing in principle from tt^»-® 
tei^™^'"^ telescope, its magnifying power is given by the Equ 
tion (68.) 



Its magnifying 
power; 



A' 






{F) -1 



Same in ft 
dlllbnntform; 



and substituting for -^rj- its value in Equation (40), ■w^' 

/ 
have for a convex object lens 



A_ 
A' 



^ "^ f F.. 
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or, writing D for — . ; and representing, as before, the 

t/ 
powera of the field and eye lenses by L and Z, 



A' 



D- V 



Final valne for 

magnifying 

power; 



from which it is obvious that the magnifying power may 
T>e varied to any extent by properly regulating the po- May be varied; 
Bition of the object; but a change in the position of the 
oT)ject would require a change in the position of the eye- 
glass, and two adjustments would, therefore, be neces- 
sary, which would be inconvenient. For this reason, it 
16 usual to leave the distance between the lenses unal- 
tered and to vary only the distance of the object to suit 
distinct vision. It is, however, convenient to have the 
power of changing the distance between the glasses, as 
by that a choice of magnifying powers between certain 
limits may be obtained, and for this purpose the object g,a^*° ^^* 
and eye glasses are set in different tubes. different tubesL 



Usual practice ; 



Fig. 51 




Beflecting 
teIescoi>e ; 



§ 82. If the field lens of the astronomical telescope be 
replaced by a field reflector M N^ whose optical centre 
is at (7, as indicated in the figure, we have the common 
astronornical reflecting telescope, C being the optical 
centre, d becomes equal iof — [F^)^ and Equation (70), 
becomes, by first changing the sign of f\ and then sub- BxpianaUon; 
stituting this value for d^ 
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image ^g' of any distant object P Q^ is formed by it as s®<^<>"^ *°^^® 
before ; the rays from the image are received by a second gmaii concave 
concave spherical reflector, much smaller than the fii-st, '®^®<^*<*^ ; 
and whose optical centre is at C^ \ a second image ^j)' 2", 
is formed by this small reflector, in or near the a2)cr- 
ture of the large reflector and is there viewed 
through the eye lens in n. The distance of the position of the 
small reflector from the first image must be greater than ®°^^^^'"^^°°^®'' 
its principal focal distance, and so regulated that the se- 
cond image will be thrown in front of the eye lens, and in 
its principal focus. In order to regulate this distance, the 
small reflector is supported by a rod that passes through a 
longitudinal slit in the tube of the instrument, the rod Device for 
"being connected with a screw, as represented in the figure, r<^s"^''^ti"g it- 
ty means of which a motion in the direction of the axis 
may be communicated to it. 

The apparent magnitude of the images p q and p' q\ 
as seen through the same eye-glass at the distance of its 
principal focus, are as their real magnitudes ; and the lat- Relation between 
ter are as the distances of these images from the centre of t^^**^''^'®^'"^®^ 

fiormed * 

tLe small reflector, § G7. But by Equation (36), making 
771 = — 1, and recollecting that in the case before us, o 
is negative, we have, calling i^^, the principal focal dis- 
tance of the second reflector, 



1 _i_ Same expressed 

"^ "j^ "* ^ analytically ; 



whence 



C' ^^2 



F^-c 



dividing by — o, 



Cf __ F^ A." Same in other 

7 J7^=^= jT **'™' 



256 



NATURAL PHILOSOPHY. 



which, being multiplied by Equation (80), member by 
member, gives for the magnifying power of this tele- 
scope. 



Magnifying 
power of 
Qrogorian 
telescope; 

May be varied. 



Objects appear 
erect 



A" 
A' 



F. 



F. 



(i"J 



F,-o 



(81) 



whence, this ratio being positive, the object will appear 
erect; its apparent magnitude may be made as great 
as we please by giving a motion to the small reflector 
wliich shall cause its principal focus to approach the 
first image, and drawing out, at the same time, the eye 
lens to keep the second image in its principal focus. 



Cassograinian 
telescoi)© ; 



§ 84. If the small reflector be made convex instead 
of concave, we have the modiflcation proposed by Itf-* 
Cassegrain, and called the Cassegrainian telescope^ whici^ 
js represented in the figure. Its magnifying power ^ 



Fig. 56. 



Graphic 
representation ; \ 




given by Equation (81), by changing the signs of F^ 
and <?, which will give. 



Magnifying 
power ; 



£1 

A! 



F. 



F. 



{FJ o-F, 



. . . (82) 



and because the ratio of A" to A' is negative, objects 

Objects appear ^ , ° . 

Inverted. sccn tlirongh this telescope with ordinary eye pieces, 
appear inverted. 
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§ 85. Sir Isaac I^ewton substituted for fthe small cur- Newtouian 
ved reflector a plane one inclined under an' angle of 45° *^^°**^*' 
to the axis of tlie instrument, and so jjlaced as to inter- 
cept the rays before the image is formed. The vergency 
not being affected by reflexion at plane surfaces, § 55, 
the image is formed on one side, and viewed through 
the lens supported by a small tube inserted in the side of 



Fig. 57. 




+ Grapbic 

representation ; 



Magnifying 

the main tube of the telescope. The magnifying power power found; 
of the Newtonian telescope is given by Equation (81) 
or (82), by making F^ infinite, in which case c, becomes 
equal to 2 i^g ? ^^^ distance of the first image from the 
optical centre of the small reflector being sensibly equal 



to the radius of curvature. This gives 



// 



A' 



iK) 



Its value , 



(83). 



DTNAMETER. 



Djnameter 



§ 86. If any telescope, properly adjusted to view dis- 
tant objects, be directed towards the heavens, the field 
lens may be regarded as a luminous object whose ii^-j). .^ 
age will be formed by the eye lens. The distance of object; 

17 
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the object in this case will he the snm of the princi- 
pal focal distances or F,^ + (J^,), and this being snb- 
stituted for /, in Eq^uation (57), we get, by inverting 
and redocing, 



F., 



(84) 



hence, any linear dimension of the direct glass of a tdt- 
scope^ divided iy the corresponding linear dimension of 
its image, as formed iy the eye glass, is equal to ikt 
magnifying poieer of the telescope. This is the princi- 
ciplc of the J)ynameter, a beautiful little instrument 
used to measure the magnifying power of telescopes. 



Cc>nstmct]oi] of 



To understand its construction, let us suppose two In- 
minous circular dislvs, a tenth of an inch in diameter, 
to be placed one exactly over the other in the principal 
focus »i of a lens F, and with their planes at right au- 
to gles to its axis ; an image of the common centre of the 
disks will he formed on .the retina of an eye viewing 
them through the lens, at m". If one of the disks be 
moved to the position m', so that its circumference be 
tangent to that of the other, the image of its centre 
will be at t/i'", determined by drawing from 0, tbc 
optical centre of the eye, a line parallel to that joining 
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the optical centre of the- lens and the centre of the Tote o 
movahle disk, article (73) ; the images will be tangent ^^^ j, 
to each other, and the movable disk wiH have passed 
over a distance ei^ual to its diameter, viz. : one tenth 
of an inch. We now take but one disk, and suppose the 
lens divided into two equal parts by a plane passing 
through its axis; as long as the semi-lenses occupy a 
position wherein they constitute a single lens, an image 
of the disk will be formed as before at m" ; but when 
one of the semi-lenses is brought into the position denoted "'"'*' 
by the dotted lines in the figure, having its optical cen- 
.■.re at ^', in a line through )n, parallel to ?n' E, two 
images, tangent to each other, will again be fozTned ; 
for, all the rays from the centre of the disk, refracted 
bj the semi-lens in this second position, will be paral- 
lel to m E\ and m'", is one of these rays. It is 
obvious also, ttiat the distance E E\ through which the 
movable semi-lens has passed, is equal to the diameter 
of the disk. 

The dynameter ^* =»■ 

consists of two tubes 
A. 5, and (77), mov- 
ing freely one with- 
in the other, the lar- 
ger having a metal- 
lic base with an 
aperture in the cen- 
time, over which, to 
qualify the light, ie 
placed a thin slip 
of mother-of-pearl 
P. In the oppo- 
site end of the 
smaller tube, two 
eemi-lenses E E', 
are made to move 
by each other by 
means of an ar- 



3 
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lUoMratioo ; 



Graduated 
screw bead ; 



Spring ; 



Value (»f one 
entire turn of 
screw head ; 



Value of one 
diviilon. 



Method of using 
the dynameter; 



Fte 60. 




rangement indicated in the figure, wherein n is a right- 
handed screw with, say, fitlty threads to an inch ; n is 
a left-handed screw, with the same number of threadsi 
whieh works in the 
former about a com- 
mon axis, and is 
fastened to the 
frame that carries 
the semi-lens E. 
The screw 71, is ren- 
dered stationary as 

regards longitudinal motion, by a shoulder that turas 
freely within the top of the frame /STat r, and works 
in a nut at F, connected with a frame that carries the 
semi-lens E' ; this screw is provided with a large cir- 
cular head XY^ graduated into one himdred eqnal 
parts, which may be read by means of an index at X 
or y", on the frame of the instrument. At ^, is a spring 
that serves to press the frames against their respective 
sci'ciws, to j)reveiit loss of motion when a change of 
direction in turning takes place. 

When tlie graduated head is turned once round to the 
riglit, the sonii-lens E\ is drawn up -^ of an inch, while 
the semi-lens E^ is thrust in an opposite direction through 
the same distance, making in all a separation of the opti- 
cal centres of ^ of an inch, and the semi-lenses are kept 
symmetrical with regard to the centre of the instrument 
If the screw had been turned throu2:h but one division on 
the head, the separation would have been -j-i^ of ^ or 

^lo <>^* an inch. 

To use the instrument, direct the telescope, whose power 
is to be measured, to some distant object, as a star, and 
adjust it to distinct vision; turn it off the object, and apply 
the dynameter with the pearl end next the eye lens, and 
an image of the object lens will be seen; turn the grad- 
uated head, supposed to stand at zero, till two images ap- 
pear and become tangent to each other ; read the number 
of divisions passed over, and multiply it by 2x0-03 ^^ P'^ 
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duct will cjive the diameter of the imao-e in inches. Mea- ,, .. , 

o O Magnifying 

oure by an accurate scale, the diameter of the visible por- power of 
tion of the object glass, which being divided by the mea- *^®^°°p® °^^ 
sure of its image just found, will give the magnifying 
power. The index will indicate zero, if. the dynameter be 
properly adjusted, when the semi-lenses have their opti- 
cal centres coincident. This little instrument is the more 
valuable, because it gives, by an easy process, the magni- 
fying power of any telescope, however complicated. 



CAMERA LUCIDA. 



Used to copy 
from nature ; 



§ 87. This little instrument, the invention of Dr. Wol- camera lucid*; 
LASTON, is of great assistance in drawing from nature. 
In its simplest form, it consists of a glass prism, a section 
of which is represent- 
ed hy ABGD, with ^ig. ci. 
one right angle at J, 
and the opposite angle 
(7,135°. Rays proceed- 
ing from a point of any 
object aS, in front of the 
face AJD^ enter this 
face without undergo- 
ing any material devi- 
ation, and being re- 
ceived in succession 
bv the faces D C and 
CJB within the limits of 
total reflexion, they are 

reflected, and flnally leave the face B -4, in nearly the same 
state of divergence as when they left the object S, The 
eye E^ being so placed that the edge JB of the prism Explanation; 
shall bisect the pupil, will receive these rays and bring 
them to a focus /*, on the retina, at the same time that 




Essential parta 



\ 
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\ 



Action of the 
camera lacida in 
fbnning images ; 



Fig. 61. 



liaear 

£=«csoa5 of 
<iij«?cc xnd image. 









it will receive through the half of the pupil not covers ^ 
by the prism, rays proceeding from the point P, of a 
pencil, placed below on a sheet of paper, and bring thei 
also to the same focus r; so that the point in the o1 
ject and point of the pencil will appear to coincide 
the paper, the whole 
of which will be seen 
through the uncovered 
half of the pupil, and 
a picture of the object 
may thus be traced by 
bringing the pencil 
in succession in ap- 
parent contact with 
its various parts. 

The linear dimen- 
sions of the picture 
will be to those of the 
object, as the distance of the camera from the papei^-^ 
to its distance from the object, nearly. 

If the paper be very near, the eye may not hav^^ 
power to bring the rays proceeding from the pencil tc^ 
the same focus with those from the object ; this difficulty^ 
is obviated by the use of a convex lens at Z, or a con- 
cave one at IJ ; the effect of the former being to reduce 
the divergence of the rays from the pencil to the same 
doirroo with that of those from the object, and of the 
latror, to increase the divergence of the rays from the 
object, and render it the same with that of the rays from 
the pencil. The camera lucida is constructed of various 
forms, having reference to the facility of using it, the 
optical principle being the same in all. 
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CAMERA OBSCUEA. 



used to copy from *^""' °'*"" 
lucida, haa various 
in the 



§ 88. This instrument is 
nature, and like the 
forms, one of the best of which 
figure. AJi C\s a,prismatic 
lens, which is nothing more 
than a triangular prism with 
one or both of ita refracting 
faces ground to spherical sur- 
faces ; it is set in a small box 
resting on a cylindrical tube 
tv, that moves freely in a ^ 
eimilar tube in the top of a 
dark chamber, formed by up- 
rights or legs, about which 
is suspended a cotton cloth 
•rendered impervious to light 
by some opaque size. On one 
face of the box jn n, contain- 
ing the prismatic lens, is an 
opening to admit the light 
from any object in front of 

the instrument, and on one side the cloth has been 
omitted in the figure to show a table ^ Y^, supported 
by the uprights, on which the paper is placed to re- 
ceive the picture. Now, the rays from any point in an 
object S, will enter the face ^ C of the prismatic lens, 
be totally reflected by AB, and brought by CB, to a 
focus on the paper, from which, owing to the minute 
irregularities of its surface, they will be reflected in all 
directions ; and thus a picture of the external object S 
will be painted at S', which may easily be traced by a 
person situated within the folds of the cloth forming the 
dark chamber. The effect of the prismatic lens being fgnninginuf 
thg same as that of a convex lens, except that the former «"p'»'°**! 
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>o of changes _ the direction of the 
axis of a pencil deviated by it, 
it is obvious that the surface of 
tho paper shoidd be spherical. 
Tlio image of the object ia 
brought accurately to the table 
X Y, by means of the tube tv, 
which admits of a vertical mo- 
tion in the top of the chamber j 
this tubo also admits of a 
hoi'izontal motion, the purpose 
of which is, to take in differ- 
ent objects in succession with- 
out changing the i)03ition of 
the body of the instrument. 




THE MAGIC LANTERN. 

miern, § SO. This consists of a small close chamber, from 
one side of which proceeds a tube containing usual); 
two convex lenses A and S, with an intermediate open- 
ing for a glass slide C, which may be moved freely in . 

iipsitt; a direction at right angles to the common axis of the 
lenses. "Within the chamber is an Argand lamp D, 



iig. es. 



ntpnvHjiiUthia; 




IkOuikI which i3 a concave reflector K ' Tlie rays ^po- 
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ceeding from any point in a figure, painted with some optical 

. .. , ±T 1 TT Til principles of the 

transparent pigment upon the glass slide and strongly j^g^^jj^^j^t 
illuminated by the lens ^, upon which the direct light explained; 
from the lamp, as well as that from the reflector ^, 
is concentrated, will be brought to a focus by the lens 
jB, on a screen M N^ placed at a distance in front of 
the instrument ; here the light being reflected will pro- 
ceed as from a new radiant, and a magnified image of 
the figure will thus appear upon the screen. Should 
the screen be partially transparent, a portion of the light 
will be transmitted, and the image will be visible to an 
observer behind it. 

The linear dimensions of the object or figure, will^®^-'**'^"^*'*'^®®'* 

. , . T the diuiensions of 

be to those of the image, as their respective distances the object and 
fi'om the lens B\ if, therefore, the lens ^ be mounted ^™^«*^ • 
in a tube which admits of a free motion in that con- 
taining the lens A^ its distance from the figure may be 
varied at pleasure, and the image on the screen made 
larger or smaller, the instrument, at the same time, be- 
ing so moved as to keep the screen in the conjugate 
corresponding to the focus occupied by the glass slide. 
The instrument with an arrangement by which this can 
be accomplished, is called the jphantasTnagoria, In or- Phantasmagoria. 
der, however, that the deception may be complete, there 
must be some device to regulate the light, so that the 
illumination of the image may be increased with its 
increase of size, not diminished, as it would be without 
such contrivance. 



SOLAR MICROSCOPE. 



§ 90. This is the same as the magic lantern, except soiar 
that the light of the sun is used instead of that from "*^*^^p*« 
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Solar 
microscope ; 



a lamp. 2) jEJ is a long reflector on the outside of a 
window shutter, in which there is a hole occupied by 
the tube containing the lenses. 



Essential parts 
and manner of 



using. 



Fig. 64 




The object to be exhibited is placed near the focus 
of the illuminating lens -4, so as to be perfectly en- 
lightened and not burnt, which would be the case were 
it at the focus. 



CHROMATICS. 



Chromatics; 



Color in light 
corresponds to 
pitch and 
harmony in 
■onnd; 



Explanatory 
remarks ; 



§ 91. Chromatics is a name given to that branch of 
optics which treats of Color. Color is to light what 
pitch and harmony are to sound. "We have seen, in 
Acoustics, that by the principle of the coexistence and 
superposition of small motions, any number of sonorous 
waves may exist at the same time and place, and pro- 
duce, through the organs of hearing, an ipipression dif- 
ferent from that produced by either of the waves when, 
acting singly. The united tones proceeding from the 
various voices of a full choir of music, for example, im- 
press the ear very differently from the insulated note 
of the acute treble, the medium tenor, or the full, 
deep-toned bass ; and as each voice is partially or 
wholly suppressed in succession from a full strain of 
concordant sounds, while others are reinforced, the mind 



ELEMENTS OF OPTICS. 



267 



marks the change, and attributes to it a distinct and Analogy between 
specific character. the«tionof 

^ sonorous and 

So it is with the luminous waves which act upon the luminous wavoa; 
organs of sight. These come to us from the sun, and 
other self-himinons bodies, of every variety of length ca- 
pable of affecting the eye; they coexist and are super- 
posed upon the retina, and by their united influence 
give us the impression of white light; and when one white light 
after another of these waves is enfeebled, while others p'®^'^*^®^* 
are strengthened, each new combination gives us a dif- 
ferent impression, and each impression we call a color. 
The longest waves capable of affecting the eye corres- 
pond to red^ and the shortest to violet or lavender grey. 

But how are individual waves either suppressed or 
separated from the group which produce the sensation Principles which 
of white light? The answer is, by the principles of inr^^ ucecoora. 
terference and of unequal refrangibility. 



COLOR BY INTERFERENCE. 



Colors of Gratings. 



Fig.6li 




Colors of 
gratings; 



. § 92. Kecalling the expla- 
nation of §7, let Jlfi\rbe a 
wave front proceeding from 
a source 0. Assume any 
point 6^y, in front of the 
wave, and draw the straight 
line Or 0. Take the dis- 
tance A B equal to half the 
length X^, of the longest, 
and A B' equal to half the 
leooLgth \, of the shortest 
wave capable of affecting 

tibe organs of sight ; and make B0= CD = AB = i\. constmction of 
"With Or B& SL centre, and the radii O^B', O^B, 0^ C^,^?^- 



« ^ 
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Fig. 6SL 



tui.,..4 ^K^f-^ <^'^'-9 tlf'Hcribe arcs 

«'•"""»'■. ml fill''' tli(; wave; front in 

//, //, r, ^/, iVc. ; then will tho 

|»oiMiori'4 A />», //r, re/, &c., 

In llii' ininKMlijile vicinity 

nf J, i>:irli:illy, und tlioso 

I'l^iiinlo iVoni llu» sanK> point, 
.,..,. - wIimIIv, hkiiVhiw ^7, and -^* 
!»,*•«»».. noulrali/.o i»a«.*h other's cf- 

Toi'M at < *^ ; t'or, at this point 

tho svvv^iularv' waves from 

tho ,sueoossivv^ points of tho 

y^w y>\\ I \ Ivirii^innjT at ^i, will be opposed to those from 

^V .. .! m.\ t':\x* V xsro>i\^:ul;!iir jv»:n:s in the portion J c, beginning at 

XX .xo :;..s,.i..v \^ ;,. ;»jo 1;^ ^ >.^» . <I:o phases; and it is plain that if the 

* '*^*x>\o;.l ^vv;,^^::^ Iv r.uiv.lvred in order from A^ that 

i' v\ v's X, • i;u >*.v\; ly :::o even will be opposed to those 

s\ .;• . >\l V'k :^o :vL; T;::::/:vr^ the odd portions tending 

.^ x' -' isV :^o 'i.I.cr/.c :i: • *. in one direction, and the 




* «^ 



« •■» 



\ \ 



\ 



X N V 



\ > 



r:. "s } *\ *.?'-•, *S:c.. to be 

:' >.':_:-. .tl\ iv^e screen: the 

\.:::v;^'j:e-I, ^ill Lave tiiU 

*, • , * . , ^ - • ' • - -V 1 allii 

;■ "1.: I r^sc waves — 
•^ ■?■ -^ j::: t:i£- ^n?r:est 

•-.^ --ii'i. "?•: :lj.r rhe 
v'.l ":e Li»:!:>:'isei in 

. < "-:.<: vT-.-'^i'f "viiioL ire 
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lengths are intermediate between X, and \, will have 
their preponderance upon molecules between these two 
points, and the epace 0, 0^, should exhibit correspond- 
ing effects. And this is found by experiment to be the 
case. For when a grating is formed by fine parallel^' 
wires, or by a series of fine furrows cut in the face of 
a piece of well polished glass, and held in front of any 
luminous source, there will be fonned upon a screen 
placed behind, a series of richly colored fringes, sepa- 
rated by dark intervals, and arranged along a line per- 
pendiculai- to the furrows. The fiu-rows intercept the 
light, while the intennediate spaces between permit it 
to pass ; the former correspond to the even and the lat- 
ter to the odd portions of the luminous wave referred to 
above, and form, as it were, a series of parallel linear 

FIg.<i6L 




radiants. The molecules 0^, 0^^ &c., where the longest 
waves prevail, exhibit red, and those at (?,, 0,^, &c., Eipiom 
where the shortest preponderate, violet or lavender grey, "'^ ''°'" 
the molecules between exhibiting orange, yellow, 'green, 
blue and indigo, in the order named, beginning at the 
red. The line X J', being drawn fi'om the luminous 
Bource to the middle of an opaque portion of the grating, 
the first fringe on eitlier side of this lino is formed by 
secondary waves whose radii differ by \ the second by 
3 X, the third by 3 X, and so on ; that is, every fringe is 
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from metallic sni-faces which have been polished by a 
Boarse powder, and from surfaceB of glaaa over which 
flie finger is passed after being moistened by the breath. 

The beautiful colore of mother of pearl are natui-al eb* eta of ti 
instances of the same phenomena. ' This substance is 0^^°"° 
somposed of a vast number of thin layers, which are 
jradually and successively deposited within the shell of 
lie oyster, each layer taking tlie form of tlie preceding. 
fVTien it is wrought, therefore, the natural joints are cut 
hxough in a great number of sinuous lines, and the result- 
ng surface, liowever highly polished, is covered by an 
mmense number of imdulating ridges formed by the out- 
sropping edges of the layers. These stride may be ob- 
«rved by the aid of a powerful microscope, although they 
tre so close that 5000 of them occupy but a single inch. 
Chat they ai-e the cause of the brilliant colors displayed Eiporimcw 
>T this substance has been placed beyond doubt by Sir ^" '''"''* 
Uavto Brewster, who received from an impression of the 
mrface of pearl on soft wax the same display of colors 
la from the peai'l itself. 



% 94. Knowing the space A 0, occupied by a single t 
finrow and one of its adjacent transparent intervals, it J^ 
^rillbe easy to find the lengths of the waves which cor- 
^XMpoad to the different colors. For this purpose we 
^Rmark, 

^'. 1. That the first r 

[flokred fringe Fy, ^^■^■ 

JBen through the 
^us on either side 
<f the luminous 
irorce I. is formed 
ij secondary waves 
:. radii differ 
^|[,X, the second F, 
3X, the third by 
and so on, and 
' c^led respec- 
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tiv..l_vfr;:!-;:^<.flLe 
• jiM, Hicmd, third, 

'Z. The- aii^ilar 
<\U\iWiv.<i (if a fiiiifri' 
iif iiiiy imlur from 
llii-liiiiiiiKms source 

/,, is Ki'tisifily equal 
III llii- aiifiiilar dis- 
liiii.Ti.f llm frmge 
i>r (111- fh'st order, 
iiiiilli[.liv(l liy tlio 
1H11.1I..T wliii-h marks the order of that fringe. For ei- 
imi|>K\ \\w angular distance LEF^ of the fringe of 
\\\y ;!d onhT, is equal to the angular distance I^Ef 
iiuihii'livil l.v ;i. ' 

^ TIk- ai-tii:il distance of tlie projection of the friDf^ of 
!i;\\ l;;^^•n onler fivm the luminous sonrce will be pro- 
!>,>:Ti.>;!:d 10 the dii^tanco of the furrowed glass from the 
-, ■,■ - ■;;:.■>'. L I\. liT ;::s:a:iCL\ is obviouslj greater 
; . , ; :-\. a-ulis iiiv;\T:;.:i:i!to£'Z. 

N 1.. u/livoiiiro //;::•. ■ :r.,:-:r^i Z".-!, describe the are 
\ ,\ r::v- .!i?:;i!!Vi> C K 'n-:'.: Iv equal to X, or the 
, , .,' \v:-.w ivr:\i- .-„.:ir.j ic- the color seen alimg 

, , , ;■■,■: ,1 A"(- •.;::.;.- ":.; r-,r.;>'.od as a right angfod 

'. ■- . .■.-\:-- '.'.lA ;ii Kcal to the angle 

■ ,". - t . ..vj-^.-.7 .■.:f:2.!:ov of the particular 

.> ■ "- "::::r..7i >:::rci?. And de- 

.:' :' : •■:.;:!? ;- s si-^Ie t~!;?parect 



-.3 arc 
L3V be 
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From which it appears tliat D will be greater in pro- colors 

^ *■ Till i?l corresponding to 

portion as X is greater ; and that the colors ot eacii j^^gest waves 
fringe wliich correspond to the longest waves will, there- f^^hest fvom 

o ■•• -1 ii 1 1 • luminous source. 

fore, be found at the greatest distance from the lumin- 
ous source. 

To find X, we have only to find S and D, The for- 
mer is known from the cutting of the furrows, and M. 
RABiNirr has given a very simple method for determin- 
infi: the latter. It is as follows. 




To find X 
experimentally , 



Explanation of 
apparatus ; 



§ 95. Let A and B be two 
candles, or still better, two nar- 
row openings in a plate of metal 
held before a window, the one, i?, 
a little more elevated than tlie 
other ; P Jp-^ a perpendicuUir to 
A B at its middle point P^ and 
RR\ the furrowed glass placed 
somewhere upon Pp^ and held so 
that the furrows shall be per- 
pendicular to A B. On placing 
the eye at E^ and looking through 
tlie glass, we shall see the two 
candles or openings by direct 
viow, and each of them fianked 

on either side by a series of fringes, those about B be- 
ing higher than those about A. By moving the glass 
ItR\ to or from the candles, the red, or any other co^ 
lor of the fringes on the left of B^ may be brought 
accurately over the same color of the fringes to the 
right of iV, These coincidences, however numerous, may coincidences of 
be established because of the law of the angular and pj^^^^^[ 
true distances of the fringes from their respective lumi- 
nous sources referred to in the preceding article, 
provided the angle B E A^ does not exceed 5 or 6 de- 
grees. 

Denote by w, the number of coincidences of any par-jjotation; 
ticular color between A and B ; there will be ti + 1 

18 
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X=: 



S.l 



(n + l).rf 



.(86) 
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and denoting by <?, the number of ftuTOWs in an inch, we Notation ; 
shall have 



.=i, 



and this in Equation (86), finally gives 



SabsUtntion; 



X = 



o.{n+l) .d 



(87) ^i 



Final yalae for 



whence this rule, viz : Aiigment the mimier of coinci- 
dences ietween the candles hj ^initij / rnultijjly this sum 
hy the miinher of furroivs in an inch^ and this product 
hy the distance^ in incites^ of the glass from the plane of 
the candles^ and divide the distance^ in inches^ hetween 
tJie candles hy this product ; the quotient will le the 
length in inches of the loavc^ corresponding to tlie color 
with reference to which the coincidences are made. 

By the application of this rule in the manner indicated, 
we find, when the experiments are made in the atmos- 
phere, the results in the following 



TABLE. 



CJolors. 


Length of 

X 

in parts of an inch. 


Number of 

X 
in one inch. 


Extreme red, - - - - 

Orange, 

Yellow, 

Green, 

Blue, - - 

Indigo, - 

Extreme violet, - - - 


0,0000266 
0,0000240 
0,0000227 
0,0000211 
0,0000196 
0,0000185 
0,0000167 


37640 
41610 
44000 
47460 
51110 
54070 
59750 



Tt.biilar results 
of experiments ; 
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ttM 



lOWCntU/D; 



T'. £M lu ^ 90. I>:t 113 now determine the distartcts - ~f ti^^ f-nop. 

>^-n:af fr;r.:» 'rf^rn the central line X Y. Thev 
*Mr.tu<^*ni rh:jx;nrl ujK^n the sum AC=^ S^oi 
the width of one opaque and one 
a^ljacent traasparent interval, and 
uj^ni the distance X Y^ of the 
bcreen from tlie grating. 

Tlie place 0^ of tlie fringe of any 
order, say the ntli, is determined 
])y the condition tliat the difference 
of its distances A and C 0, from 
A and (7, is an integer multiple of 
the length X, of the wave of the pai-ticular color con- 
sidered. Now, drawing the lines A A' and C C\ paral- 
lei to X Y, and denoting the distance X T hj d, and 
Y 0, by a?, we find 




Jt Jf y c' olr 



f>|ii3tion.'t fh>in 






CO = •/ J" + (x- - i /S')» = » + 



•id 






Equ*: U» « X 



tho distftuco (7, being very great in comparison with i 

and ^^ 
Hence, 



_.j ^) _ 6 = "2^ 



>,ut this aifference is equal to «X; that is, 



But 



^j^= nX. 
(2 






whence 




. . f?s; 
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From which it appears that that the fringes will be crowd- conditions that 
ed too:ether more and more in proportion as d decreases ^!" *^*^® *^® _, 

o *• ■•■ fringes to crowd 

relatively to /S, or S increases relatively to ^ — a result towards tbe 
confirmed by experience, for when the screen is either ^^'^^'®- 
made to ap]3roach the grating, or the fiirrows are in- 
creased in size, the fringes will be observed to contract 
and crowd in upon the centre T^ till they become so 
narrow as not to be perceptible. 

§ 97. Again, let X^ and X^, denote the lengths of the 
waves which give red and violet colors respectively ; 
then will Equation (88) give ■ 

7h , CL .y^ Distances of the 

T = o 5 red and violet 

colors of the nth 
fHnge from the 
^ . ^ . Xj, centre. 



\ 



X„ — 



S 



In which, because X^ is greater than X^, a?^, which de- 
notes the distance from Y to the red color of the n\k 
fringe, will be greater than a?^, which represents the dis- 
tance of the corresponding violet color from the same 
point. 

Subtracting the second from the first, we get The colors 

separate trora. 
each other ; 

a:,-a., = 'Ll^(X, -X,) .... (89) 

From which we see that the dilBFerent colors will sep- 
arate more and more as the fringe to which they belong And the dark 
recedes from the centre Y. The black intervals will, *"^<^'va^« *^"a"y 
therefore, be encroached upon, and at no great distance ^^^^^^^' 
from Y will disappear. 

To find the order of the last insulated fringe, denote by 
aj„+i and x^ the distances of the (7i+l)thand ^th fnnges ^;f^"/,^; ""^^^ 
from Y\ and by X^ the length of the wave for red, then insuiater wnw 
will Equation (88) give 
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Notation and 
equations ; 



i»ii+l = 



{n +1) .\.d 



^n = 



n .\ . d 



whence, taking the dilBFerence, we obtain for the inter- 
val between the reds of two consecutive fringes, 



Interval between 
the reds of two 
consecative 
fringes ; 



a?n+l - aJn = 



\.d 

8 



and placing the second member of this Equation and 
that of Equation (89) equal, we find 



8 



8 



whence 



Order of the last 
insulated fringe. 



n = 



K 



r V 



(90) 



Experimental 
illustration. 



Experiment 
performed in 
vacuum ; 



That is to say, the order of the last insulated fringe is 
denoted by the number of units in the quotient arising 
from dividing the length of the red wave by the dif- 
ference of the lengths of the red and violet waves. 

This result is beautifully illustrated by interposing 
between the screen and grating some medium which 
will arrest all the waves but those which correspond to 
a particular color. When this is done, the fringes will 
be greatly multiplied in number beyond that of the n\k 
order determined by Equation (90). 

§ 98. Thus far the waves have been supposed to pro- 
ceed, after passing the grating, in the atmosphere. But 
when the experiment is performed in vacuum, with the 
same grating and same position of the screen, the fringes 
are found to dilate and separate from each other ; when per- 
formed in a medium of greater density than the air, as 
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in water or glass, the fringes are reduced in width and Experiments 
crowded towards the centre ; and what is remarkable, ^ denser medium 
and important to observe, this latter effect is found, by^*^*^''^ 
careful experiments, to be exactly proportional to the in- 

-././../IT 7. 1 7 Conclusion. 

aex of Tejraction oj the medium as rejei'i'ed to that of 
O/t/mospheriG air, 

Now, referring to Equation (88), it is easy to see that 
this change in tlie position and width of the fringes ^^'^^ ^'^.^^^^ 

. , , change in 

can only arise from a change in X, which denotes the position and 
length of the waves, since S and d are, by the conditions ^\^^^^^' ^^ *^^^ 

. . ft'iniT^s ' 

■of the experiment, constant ; and from the relations of 
and X, in that Equation, it follows that the length of 
luminous waves of the same color are shorter in propor- 
tion as the indexes of refraction of the media in which 
they exist are greater. But, Equation (2), these indexes Lengths of 



waves 



vary inversely as tlie velocities of wave propagation, and ^" <^'ffcrent 

hence the lengths of the waves are directly proportional 

to the velocities with which they are transmitted through 

different media. The cause by which the lengths of the 

waves are thus altered in the direct proportion to their ^""^^p'*' ^^"^^^^ 

, , , acceleration and 

velocities, is called the principle of wave acceleration retardation. 
cmd retardation. 



§99. Keturnino; to. the experiment in air: if a very 

^ & r 5 J Effect of 



iga 



thin plate of glass be interposed in front of one of the interposing 
grate openino:s, and parallel to the plane of the ^ratinff p^^^®"^^^'^'''* 

° .■^°' ^ ^ .-'• , to to' under different 

the whole system of fringes will be shifted towards conditions. 
tho side of the interposed glass. If an exactly 
similar plate be placed in front of the other opening, 
and parallel to the first plate, the fringes will be re- 
stored to their original position. If one of the plates 
be slightly inclined, so as to cause the waves passing 
through it to traverse a greater thickness, the fringes 
will all move towards that side, and by gradually in- 
creasing the inclination, they will pass entirely out of 
sight. 

Taking plates of any other medium, possessing a 
greater refractive index than glass, and of the same 
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Effect of 
intorimsing a 
plate of any 
medium. 

Effect on the 
lengths of the 
rays: 



Tliis last effect 
investigated ; 



Illustration ; 



Explanation ; 



tliickncss as before, it is found that the effects just no- 
ticed will be increased, and in the direct ratio of the 
refractive indexes of the media. 

In the shifting of the fringes, it is evident that the 
lengths of the rays which correspond to the central one 
arc made unequal, and that the differences as to lengths 
existing among the rays which appertain to the other 
fringes, are not the same as before the interposition of 
the medium. We will now investigate this change. 

For this purpose, let the waves from both openings 
pass through a prism of any medium, as glass, hav- 
ing a very small refracting angle, 
ij the. first face being held pa- 
rallel to the plane of the grating. 
The thickness of the prism tra- 
vei*sed by two interfering waves 
will be different ; call this diffe- 
rence, which is r 71 in the figure, 
d. Draw 7in\ parallel to ^Z; 
with 0^ as a centre and Or as sl 
radius, describe the arc rr\ It 
is obvious that the number of 
waves in the length A71+ Or will 

be equal to the number in the length Cn'+Or\ since 
the circumstances are the same in both routes ; the only 
difference, if there be any, must lie in the paths n r 
and n' r\ Since the angle made by the rays A O and 
C 0^ is very small, these rays will enter the first sur- 
face under very small angles of incidence, and both be- 
ing refracted towards the perpendicular, their direction 
through the prism w^ill be nearly normal to that surface ; 
hence, denoting by 5, the distance r n\ we have 




Equation fVom 
figure; 



^ = J . sin i ; 



but imder the above supposition, the angle of incidence 
at the second surface will be equal to i\ and denoting 
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the corresponding angle of refraction by 9, we also get 

sin 9 = m sin i ; ^^°^*^«" ^^^ 

the deviation 

in which m is the relative index for glass. 

Denoting the distance n' r' by d\ we have, because 

, . ,, Notation and 

r r IS very small, equations ; 

V 

^' = J . sin 9 = 6 . m . sin i = m ^ = -^^ . d 



in which V denotes the velocity of the waves within 
the air, and V that in the glass, and from which we 
find 

d\ d' 'ml V : Vj Proportion; 

that is, the distances r n and r' n\ are directly propor- 
tional to the velocities with which they are traversed by 
the waves ; they must, therefore, be passed over in the 
same time ; and because the lengths of the waves in 
the glass and air are proportional to the velocities of 
wave i)ropagatioii in the same, there will be the same 
number of waves in ti r as in n' t\ and, therefore, in Conclusions. 
the entire route from ^ to (? as from C to 0\ so that 
the difference of routes of the interfering waves, as esti- 
mated by the number of waves in the routes, will be 
the same as before, though the hnear difference will be 
different. 

Before leaving this subject, it may be remarked, that confirmation oi 
the lengths of waves answering to different colors have the tabular 
been computed by means of Equation (88), after care-'^'^^**®^^*^' 
fiilly measuring the distances x and d^ and were found 
to agree in all respects with the results given in the 
table of § 96. 
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COLORED FRINGES OF SHADOWS AND APERTURES. 



throo ft-iiigos; 



Pvoitions of 



Oolow of tlu* 
f^iitf^xft in whito 



objccus In pencils §100. "When an object is placed in a pencil, such as 
of light usually i^-^r^y |)q formed by admitting: lioflit throno^h a very small 

...» »/ t/ DO O t/ 

aperture into a dark chamber, or by a convex lens, and 
the sliadow of the object is received upon a screen, it 
is found to be bordered externally by fringes, usually 
tlu'ce in number, at decreasing distances from each other, 
each fringe being made up of different colors. These 
fringes are parallel to the outlines of the shadow, ex- 
cept when the latter terminate in a salient angle, in 
which case they curve around it ; or when the outlines 
form a re-entering angle, and then the fringes cross and 
run up to the shadow on each side. 

In white light, the colors of the fringes, reckoning from 
tlio shadow, are, in the first, black, violet, deep blue, 
light blue, green, yellow, and red ; in the second, blue, 
yellow, and red ; and in the third, pale blue, pale yel- 
low, and pale red. 

In homogeneous light, the fringes increase in number 
and are alternately dark and bright. In passing from 
one color to another, they vary in width, being broadest 
in red and narrowest in violet ; and it is from the par- 
tial superposition of these and the remaining colors, that 
the different colors arise when the experiment is made 
with white lio-ht. 

These fringes are entirely independent of the nature 

thonnturooftho ^^^^ figurc of the bodv wliosc shadow they surround, 

body. being the same when formed by a mass of platina or a 

bubble of air — by the back or edge of a razor. 

Mi.!.-*iininontsof Tlic shadow bciug received upon a convex lens, be- 
' hind which is placed a micrometer, the linear elements 
of the fringes may be measured to any desired degree 
of aceuracv. These measurements show : 

J'u^i. 1st. That the distances between the fringes vund the 

tiliadow diminish as the lens approaches the body, and 



rooullnrltios of 
the fVlnjrcs in 
homogeneous 
light 



Fringes 
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finally vanish, so that the fringes have their origin 
close to the edge of the body. 

2d. That the locus of each fringe is an hyperboloid second; 
of revolution, terminating near the edge of the body. 

3d. That, the distance of the lens from the body re- Third; 
maining the same, the fringes will be more dilated, as 
the body approaches the luminous point. 

It is also found, that when the luminous point is in- ^^^^^ ^^ 
creased so as to become an appreciable circle, the fringes increasing the 
formed by the light proceeding from each of its points ^'^""^^^ ^^^^ 
overlap and confuse one another, obliterating the colors 
and forming a penumbra, which consists of a ring w|iose 
brightness varies from the edge of the shadow, where 
it is least, to its exterior boundary, where it is greatest. 

§101. If the size of the body be much reduced in Effect of 
one direction, parallel to the screen or plane of the lens, ^e^^^ci"? the 

' -^ -^ . Til size of the body 

the shadow will be found to consist of bright and dark parallel to the 
fringes parallel to the length of the body, a bright fringe ®^'®®"' 
occupying the centre. If the body be small and of a 
circular form, having its plane parallel to that of the 
screen, the shadow will be made uj) of a series of con- 
centric bright and dark circles, having a bright S2)ot in 
their centre. 

As the body diminishes in size, the stripes diminish Appearances as 
in. number and increase in width, till all disai>pear but *^'® ^'''^y 

... . diminishes. 

the central illumination. The reverse efiect will arise 
either on increasing the size of the body, or diminish- 
ing its distance from the screen. 

§ 102. If a portion of the pencil be transmitted through I'cncn admitted 
a small and well defined circular aperture and received circular rpertunt 
upon a screen, concentric rings will also be produced ; 
and if the transmitted portion be viewed tlirough a con- 
vex lens, the hole will appear as a bright spot, encircled 
by rings of the most vivid colors, which undergo a great 
variety of changes, both as regards tint and linear dimen- 
sions, in varying the distance of the lens from the aper- 



284 NATURAL PHILOSOPHY. 



ture, and that of the aperture from the radiant or lumi- 
nous point, 
i^^?''' When the light is transmitted through two very small 

ti.rougijtwo aj^ertures, close together, rings corresponding to each 
circuiurapertares^vill bc formed as before, and in addition there will be 

closo tofiTctlicr 

found a number of straight parallel fringes between the 
centres of the circles, and at right angles to the line 
joining them; two other sets of parallel fringes will also 
be seen in the form of St. Andrew's cross proceeding 
from the sj)ace between the centres ; and by multiplying 
the number of the apertures and varying their relative 
dimensions, a set of phenomena arise of exceeding bril- 
liancy and beauty. 

Cause of the § ^^^' ^^® colorcd friugcs of shadows and small aper- 

coiorcd fringes of turcs, as wcll as all appearances referred to under this 

shadows and it ii»j_^ •3fj.i»i.i» j. ^ * 

apertures. head, are caused by i7iterjerence,the mterierence takmg 

place between the secondary waves from the edges of the 

body or aperture and those from that portion of the 

primitive wave which is not intercepted. 

Names originally Thcsc phenomena were at one time called the inflection 

applied to them. ^^. diffvaction of lights and were supposed to arise from 

some peculiar action exerted by the edges of bodies on 

the rays as they passed near them. 

Effect of If the refractive index of the medium in which the 

increasing the experiments are performed be increased, the phenomena 

refracting index ^ ^ ^ , ■*■ , 

of the medium, indicate a diminution in the lengths of the waves in the 
same ratio. 



COLORS OF THIN PLATES. 

All media § 104. Transparent, and indeed all media, when re- 

exhibit colors duccd to vcry thin films, are found to exhibit colors 

thin films; whicli Vary with the thickness of the film. These are 

called the colors of thin plates^ and the easiest way to 

exhibit them is by means of a soap bubble blown from 

the end of a quill or the bowl of a common smoking 

*See Appendix No. 1. 
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pipe. As the bubble increases in diameter, and the Familiar 

/■•T 1 . T i»ii»i 1. J.A J. ^ exhibition of the 

fluid envelope is reduced m thickness at the top by ^^,^^ ^^ ^j^.^ 
gradual subsidence toward the bottom, many colored plates; 
and concentric rings will be seen around the point of 
least thickness. At this point, the color will be found 
to change, first appearing white, then passing through 
blue to perfect blackness, the rings the while dilating till 
the bubble is destroyed. 

The Same is true of any other medium, whether gase- 
ous, liquid, or solid. 

These difierent colors being exhibited upon the same When the piat© 
plate of variable thickness, no single color can be iden- ^j^^^ness^"" 
tified w4th its cliemical composition. When of uniform 
thickness, a single color only will be seen, and this will 
change as the thickness of the plate changes. 

A thin plate is very con- 
veniently formed of air ; and Fig. 73. 

for this purpose, let A B, be "^^^^^^^^TUn pi.to of .ir 
a plano-convex, and CD Si \^^^^mmm&&^^!^m£A formed; 

plano-concave lens, placed 

one upon the other, as represented in the figure. When 
this arrangement is viewed on either of the plane faces 
by reflected light, colors will be seen in the form of con- Appearances bj 
centric circles about the point of contact, \vhich, should ^^^^^^^'^"sht; 
the pressure be sufHcient, will be totally black. If view- 
ed by transmitted light, rings whose colors when 
united with those of the first, form white light, and wiiich By transmitted 
colors are, therefore, said to be complementary ^v^^SS.^^^"^^"^'' 
pear about the central 82:)ot, which will now be per- 
fectly white. With waves of a single length, as yellow, 
these rings are alternately bright and dark, begin- 
ning w^ith the central si)ot; and by reflected light, 
dark and bright. They are broadest and have the great- 
est diameter in the red, and narrowest with least diam- 
eter in the violet ; the breadths and diameters in the 
other coloi-s being intermediate and varying in magni- waves of a single 
tude in the order of the spectrum from red to violet. It^®°sth; 
is by the superposition of these rings, or the waves 
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Newton's scale; wliicli producc tliem, that the dijBFerent colors appear in 
common li^flit. 

These colors, which are of different orders as regards 
tint, constitute what is called K'ewton's scale ; and by 
reflected light, occur as follows, beginning with the cen- 
tral spot. 



First order ; 


1^^ order. 


Second ; 


2d order. 


Third; 


Sd order. 


Fo mh, &c. ; 


4:th order. 




5th order. 




Gth ord^r. 



Seventh. 



'th order. 



Black, very faint blue, brilliant whjte, yel- 
low, orange and red. 

Dark violet, blue, yellow-green, bright yel- 
low, crimson and red. 

Purple, blue, rich green, fine yellow, pink 
and crimson. 

Dull blue-green, pale yellow-pink, and red. 

Pale blue-green, white and pink. 

Pale blue-green, pale pink. 

The same as 6th, very faint. The other or- 
ders being too faint to be distinguishable. 



"Waves which 
interfere to 
produce the 
colors by 
reflexion ; 



lUuslnition and 
explanation ; 



These colors arise from the in- 
terference of waves reflected from 
the first, with those reflected from 
the second surface of the air 
plate. 

Suppose a small beam incident 
perpendicularly or nearly so, on 
the first surface MJV of the plate, 
where the thickness is t. A part 
A will be reflected back, the 
rest A i?, being transmitted, will 

traverse the thickness t. At the second surface, asrain 
a i)art B C, is reflected, and the reflected portion return- 
ins: throuo-h the thickness t will emerii^e at tlie first sm*- 
face in the direction C 0^ and be superposed on that first 
reflected at this sm^face, and these will either conspire 
and reinforce each other or will interfere and partially 
or wholly neutralize each other, according to any of the 
conditions explained in § 7, depending upon the diflfer- 
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ence of route 2 t, Whenever 2 ^ is equal to any even if 2 < be an even 
multiple of ^ X, for any color, this color will be increased, °^^^^^P^««f U; 
and when equal to any odd multiple of \ \ it will be 
suppressed. Now, 2 t, will vary from a value sensibly 
nothing to one equal to many times X, for even the long- 
est waves, in passing outward from the point in which 
the spherical surfaces are tangent to each other, and if an odd 
hence the colored fringes and the intermediate dark™^^'^^^ 
rings. 

But the portion reflected at the second surface will, Transmitted 
in part, be again reflected at the first, and will traverse ^^JJen refleled 
the thickness ^, a third time, and emerge below super- rfnga are dark; 
posed upon the portion first transmitted at the second 
Bnrface. The difference of route of these portions will 
also be 2 ^, so that the effects should be the same on 
either side of the lenses. Experiment shows, however, 
that this is not the case, for wherever there is total 
darkness by reflexion, there is a maximum of bright- 
ness by transmission. Hence, there must be half a wave 
length siibtr acted from the route at each- internal re- ^^^^ difference 
flexion / the cause of the loss being a change in density 
and elasticity at the surfaces of contact of the glass and 
air. This will give for the interfering rays, in case of 
reflected rings, a difference of route expressed by 



2^+ — ; 



and for the transmitted. 



Fig. 75. 



Difference of 
route for reflected 
rings; 



2 ^ + X. 

To ascertain the value of ^, at the 
different rings, call tZ, the diameter 
2 JPH^ of one of them, as determined 
by actual measurement ; r and r' the 
radii of the surfaces, v and v\ the cor- 
responding versed sines of the arcs whose sines P H and 
P' H\ are equal to the semi-diameter of the ring in question. 




Same for 
transmitted ringai 



To find f, at the 
different rings; 



2S8 
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Then, for very small arcs, we have 



Equation from 
Uie Ggure ; 



v = ^: — ; 



2r ' 



and 



Another 
equation ; 



, (4)' 



Valae of (; 



whence 






Same for first 111 tliis waj Newtox found the thickness at the brightest 
bright ring; ^^^^^.^ of til c fii'st riiig nearest the central black spot, to he 
0,00000501 of an inch. He also found the diameters of 

hnvr of variation , , , . 

of diamotcrs of tho darkest migs to be as the square roots of the even 
dark ana bright mmibers 0,2,4,6, &c., and those of the bricrhtest as 

rings; 77777 o 

the square roots of the odd numbers 1 , 3 , 5 , Y , &c. 
The radii of the surfaces being great compared with the 
diameters of the rings, the value of t at the alternate 
points of greatest obscurity and illumination are as the 
natural numbers 



\MVf of variation 
of (, at tlio (lark 
Hh«l briglit rings; 

liulo. 

A I to V A rcMults 
(iiiiiiiiurod with 

/. ft If yollow ; 



0,1,2,3,4, &c., 

hence, the value of ^, just found, multiplied by these num- 
bers, will give the thickness at the different rings. 

On comparing the value for the thickness at the first 
bright ring, with the numbers in the table of article 
(05), it will be found just equal to one-fourth of the 
interval denoted by X, for the yellow ray, which is the 
most illuminating of the elements of white light. 

Taking this value for ^, we shall have for the differenc 
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of route for the interfering rays producing the dark nifference of 
rings by reflexion, inchiding the central black spot, dark reflected 

\ rings ; 

X 3X 5X 7X0^ 

these being the even multiples of ^ X, increased by ^ X 
for the retardation caused by one internal reflexion. 
The odd multiples, increased by | X, give 

X, 2 X, 3 X, &C. Same for tho 

bright ruflected 
rings. 

The transmitted rings will be complementary to those 
Been by reflexion. 

The phenomena we have just considered are equally same 
produced, whatever may be the medium interposed p^®"**™®"* 
between the glasses, the only diflerence being in the different media. 
contraction or expansion of the rings, depending upon 
the refractive index of the medium. It is found that as 
the refractive index of the medium increases, the diame- 
ter of- the rings will decrease, which might have been 
inferred from article (99). 

§ 105. If any one of the rings at a particular color be 
conceived to be expanded in all directions in the plane of 
the ring and to retain the same thickness, it is obvious 
that the plate thus produced would present the same 
color over its entire surface. If a second plate of the colors of natural 
same thickness and material be placed behind this one, j^ ^**^'®^ ®^p *^°® • 
would act upon the waves transmitted through the first 
just as the latter did upon the incident waves, and the 
same would be true of any number of plates, so that a 
body made up of a series of such plates would present 
a uniform, distinct, and characteristic color. These con- 
siderations, in connection with those relating to the 
color of minute gratings or striae, furnish an explana- 
tion of the colors of natural bodies. 

19 
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COLORS OF INCLINED GLASS PLATES. 



Circumstances 
att«nding the 
deviation of 
light by such 
plates; 



Colors of g lOG. If a luminous object be viewed through two 

putw*- ^"* pliites of glass of precisely equal thickness, slightly in- 
clined to each other, it will be evident that besides the 
transmitted ima^e, there will be a number of images 
formed by the successive reflexions between the glasses. 
Tlie fir.-t or bri<i:htest of these is formed bv the waves 
which have all undergone two reflexions and at different 
pairs of the fair surfaces. On entering the fii*st plate 
they undergo a partial reflexion at every surface they 
successively encoimter, each of the reflected waves im- 
dergoing a similar series of partial reflections at each 
surface. Thus it will appear evident that the different 
portions into which the waves have been separated must 
go through a length of route differing by the length of 
the interval between the glasses and the thickness of 
Ktn.r-.nt waves ij^^j ghisses, or tlic dificreut multiples of those which 

imlTnmu!^ j^^^'Y ^^^""'^^ respectively traversed. They will, therefore, 
routes (lifliriii^r Ifi general,, emerge after traversing routes which differ 
by considerable quantities. 

Among these 2><^rtions, however, there are two which, 
(if we abstract the very small difference in the in- 
terval between the glasses at the points where they re- 
oroquaii'Z'I'h; si)ectively pass,) will have gone through rf?^^rm^ routes 
ofjyreclsdf/ ajual length. These two waves will be, 

1st. One which passes di- 
rectlv through the first 
l)late A 7>, eipial to ^, and 
throuorh the interval B (7, 
ecpial to y, between the 
])lates, is then reflected 
at C\ in the first surface 
of the second plate, re- 
turns along Or>^ equal to 
7, and a thickness D E^ 
equal to the first, or t\ 



Two will onjcrj;o 
alter liavint; 
travelii'd 
dliroront nmtcs 



Fig. 76. 



lUiihlratlon 
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at the first surface it is reflected again and passes the 

whole system EF^- F G -\- G II, equal to 2 ^ + ^; or^^^^^^"^'^' 

upon the whole, it has travelled over 4 ^ + 3 i. 

2d. Another portion proceeds directly through the 
whole AB -\- B O -\- Cd, equal to 2 ^ + ^, is reflected at 
rf, in the last surface, retraces the distance de + ef, 
equal to ^ + i, is reflected at the second surface of the first 
glass and pursuing the course f g -^r g h, equal to ^ + ^5 
emerges after having, on the whole, passed through 
4: ^ + 3 ^, or a route exactly equal in length to that of 
the former, neglecting, as before, the difference in i. 

It will be seen that out of all the possible combina- No other waves 
tions of difterent successive reflexions, these two are the ^ ^.?. 

' condition ; 

only ones which will give routes precisely equal ; all the 
othei'S will differ by quantities amounting to some mul- 
tiple of t or i. If we now recur to the small difference 
an the interval i, for the points at which the rays respec- 
tively pass, it is obvious that by slightly altei'ing the in- 
clination of the plates we may diminish the difference of ^^^'^^Jf 
routes to any amount, and may consequently make them- colored fringes. 
differ by half a wave length, or any multiple of the 
same; and we shall thus produce colored fringes sepa- 
rated by dark bands, parallel to the intersection of the 
planes of the glasses. 



COLORS OF THICK PLATES. 



§ 107. Another phenomenon, which 
depends upon the same principle, 
and called the colors of tMoh plates, 
will be readily understood from pre- 
ceding considerations. 

The effect is observed to take 
place under these circumstances, 
viz. : Light being transmitted through 
a small hole A, in a screen, and al- 
lowed to fall upon a spherical con- 




Colors of thick 
plates ; 



How they mi^ 
be exhiblioci ; 
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ua xsd 



■ m^!-.i iT ■ 






E>;^ 



^.>;.-sMa. 



yvircsam 



iV^MOiW . 




cave ffiass reflector M iT. with con- 
centric surfaces, the bapk being sil- 
vered, and its centre of curvature 
situated at the aperture, there will 
l»e formed upon the screen about 
the ajvrture a series of colored rings^ 
K*T in luminous waves of a single 
len^rth, alternate bri(]:ht and dark cir- 
elcs. These become faint and disap- 
pear if the distance of the screen 
be increased or diminished beyond a small difierence 
fn>m its original position. They diminish in diameter 
as the glass is thicker. They arise from the interference 
o:' the waves reflected from the back surface with those 
rv:deorod from the front. 

Denote by y, the radius A 2>, of one of the rings, either 
oark or bright ; by ^, the thickness C E^ of the reflector; 
&::■-: by r, the radius A C. The equivalent interval to t^ in 
a:r will be m /, in which m denotes the relative index of 



rv^:rao:ion of air and glass. Then 



CDz= y/^2J^y^ = r + 



y 



2r 



noglooting the 4th and higher powere of y. 
In like maimer. 



AwWwW \ 



A'/) = 



y 



>/{>nt + r)' + r=mt + r + ^^l^^_^^^^ ' 






und since the difterence of the routes A C + C E+E. 
\\\\y\ A C+OJ^^ must equal some multiple of one-h 
\\w wave length, we have, because AG ia the same 



2 (vi t + r) 2r 
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whence 



_ /{4:mt — n'K) .r . {iji t + r) ^^^""^ ^o"* ^^"^ 

y — y/ \ ) of the assnmed 

m t ri^. 

and neglecting ni?" f^^ being insignificant as compared 
with /*, • 



• ^ / (4: m t — n X) .^^ Same reduced. 

y=^V 7 -' • • • (^1) 

m t 

This accords precisely with the most exact measm'e- 
ments of Sir Isaac Newton. 



COLOR FROM UNEQUAL REFR AN GIB ILITY. 

» 

§ 108. By a process unsuited to an elementary work 
like the present, it is found that the velocity of wave 
propagation through any elastic medimn is given by the 
following equation, viz. : 

T General value foi 

^^^ ~~r • ^ • ^ velocity of wave 

F'= jST. (92) propagation in 

T any elastic 

-^ • ^ • ^ medium; 

• 

in which F*, denotes the velocity of wave propagation ; 
S^ a function of the elasticity and density of the me- ExpianaUon of 
dium; r, the distance between the adjacent molecules -the terms; 
X, the length of the wave ; w, a function of the inclina- 
tion of the ray to the line joining the acting molecules. 
Now, when r is very small in comparison to X, the arc of 
which the sine enters the last factor above will be small ; 
the ratio of the sine to its arc will be equal to unity, and ^hen the 
the velocity will be simply equal to JT". In other words, velocity win be 
when the distances between the consecutive molecules of ^^v^^^f aw"^ 
the medium are small compared to the wave lengths, lengths ^ 
the velocity becomes the same for waves of all lengths. 






lln* <-iiM«<iriitivi! iii"!i,cuk-^ •. ;* '.:.'. :..:.-.- ". .- :•- ■ : ." 
iii-iL^nilii-aiil. 

> 1«''.». In till* /Y//./v<// h"'!*". . v.:. ^: "!" :;.:." :.i :: 
• Ir.-f liirlit. ImWi'ViT, a- it cx."-:- ::. t!.^ •...:; -i :'. ■ 
■•t' iintural li.nlii-s, tln' alniv..- •:•■■:.■'.::*■ - - .' . ' - .."-.■.- 

Iv. tiu' I'.llvT nf tin.* atllln>l»ln'lV, i" .I" »-\;i' ' '- -' .- '— -i 

".i- \vavo<, wo have seen, vary in It-ngrli nv.i.i «.'\'"">X'1'J 

!.. i»..Mi,i,iO|{(; of an incli, c«.>nii.aivl to wLicii di^ranct 

: -. '!»viwv'on the a<ljaeent ni«.»k-ciilt-f J:ave a seii^iM 

; '.'.V ;:>t hieiMi* iu Kciiiati'.'ii d'i'. €■•";• - ■* t'-.-'v'.-r 

'.■ ";-. ::': : \\w vel'K-ity ut* wavo l'iV].aj-:l::'-':i liii;- 

; :: :!..■ wave ieiiirtli. A e...ii>:a^T-::..:, yyl \:\ 

- •• - :".:l: rlu' Vfl.H-iry will bo iriv:::,..-^: ion!.. 

-: :■ :":v' vinu-l- wavus. 

•■ :-.;.-:!''i (»r any .suLstaiiCf i-, E-.";i:: : 

.. \vi.ieily nt* tliL' ]u:iiin..;:< \:::: 

:' ;■: T'-.Tierlliau vaciii:]:! r-.,i:.;. 

: :.v- I'.iy. And tlie ivhuiw- ::; ]..? 

* ' • ' •'-' • ■ l" liie velocities tlii'Mi:-li i;!,;; 

v., ... I'.'ih the al)>..>liite an-.! iv!;v 

... v.-ave leiip:tlis, ht-lw^ liicar.st 

'...-: '.:. ivii. those of violet. iii.Iiir... 

. .. '. -.v.v.^^v. lying inteniiediare b.- 

. -^.-.c-i wliieh constitute wliitc 

.■ ■ ^ - ::;:.;::c..-;:>]y upon the iaco ./ 

. • .. ::.'. *: ricviated on account uf 

. ^ •;. .-.:■.: .'..-.-iri.-iry of the ether wliicli 

.-. .V..: :!.o ::.::• •:-irted Avaves will be 

.- .• . '.:::."-:■ ..:* :'.o:r dilYorence of vrave 

.^ ^ •- .- " '. ' c'".:s\ -.y:::-a:e from each oria-r 

^.. ■.•■.••.•. : ".r*:-: .:",.■.::•.::>; av...:, if intercepted bv 

^w v*v-' •:; >^i- •■.^••.. -> - ^^r;!*:::, wi.: oxjubit thereon 
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§ 110. Tliis is well illustrated by the action of an opti- Experimental 

1 • T i. . * illustration; 

cal prism. Let a 

beam SjS\o{ solar ' ^^-^s- 

light, be admitted in- 
to a dark room 
through a small hole 
in a window shutter, 
and received upon a 
screen X^ IT] il will 
exhibit a round lu- 
minous spot at T^ in 

the direction of SS' produced ; but if the face of a re- 
fracting prism ^^ C, be interposed, the spot 7^ will dis- 
appear, and there will be formed upon the screen 
an elono-ated imao-e of the sun, variously and beautifully ^^^ ^^ "^^[^ 

on f J d light caused to 

colored, beginning with red on the side of the refract- pass through a 
ing angle A^ of the prism, and passing in succession ^^^°^'. 
through orange^ yellow^ green ^ hliie^ indigo^ and terminat- 
ing in violet and lavender grey^ making eight in all. 
These colors arc not separated by well-defined 'bounda-^^^^'^P'*®*^"*^*' 
ries, but run imperceptibly into each other; nor are the 
colored spaces of the same length. The following table 
exhibits the relative lengths of these spaces as obtained 
by Sir Isaac Newton with the glass prism used by him, 
and by FEAuxnoFER, with a prism made of flint glass. 



Newton. 


Fraunhofer. 




Eed - - - . 45 


56 




Orange - - - 27 


27 




Yellow - ... 48 


27 


Belative lengths 


Green ... 60 


46 


of the colored 


Blue .... 60 


48 


spaces ; 


Indigo . - - - 40 


47 




Violet and lavender grey, 80 


109 





Total length, 360 



360 



This property of luminous waves by which they pos- xTnequai 
diflFerent indices of refraction and are deviated '^^'^"^*^"^^^' 
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Solar spectrum, tlirough different angles for the same angle of incidence, 
is called the unequal refrangihility of light ; and the 
colored image thence arising is called the solar spectrum. 



Effect of 
admitting tlie 
light through a 
narrow slit ; 



Effect varies 
with the light 



Fig. 79. 















_ 


1 







Use of these 
lines; 



§ 111. When the light is admitted through a very 
narrow slit parallel to the refracting edge of the prism, 
and the prism is of pure homogeneous glass and held in 
the position of minimum deviation, § 25, the whole 
spectrum appears mark- 
ed by dark and bright 
lines, all parallel to the 
slit, some being broader 
and better defined and 

more conspicuous than otlTers. With an ordinary prism 
of flint glass, the eye distinguishes about twelve ; Fratjk- 
noFER, with a fine prism of his own glass, distinguished, 
by the aid of a telescope, six hundred. Certain of these 
lines are at unequal intervals, which also differ for dif- 
ferent media, though they are of the same order and in 
the same colored spaces. They differ essentially with 
the light employed : the light of the clouds, of the Moon, 
and of Yenus, show them exactly as in the direct light 
of the sun. The bright fixed stars give lines peculiar 
to themselves, as also do electric lights. Tlie light of 
flames shows none, or at least onlv certain dark intervals 
inider peculiar circumstances. These lines furnish the 
means of measuring the refractive indices of different 
media for different colors. 



Niuuber of 
prlnmry colors 
considered ; 



§ 112. A question often proposed, as to the number of 
primary colors, can only be answered with reference to 
the sense in which it is asked. If it be meant to apply 
to the number of tints distinguishable in the spectrum, 
tliis will be a matter of individual judgment to different 
eves. Xe\vton distinmiished seven. Sir John IIerschel 
eiglit^ Sir David Brewster three ; but perhaps most ob- 
servers would admit that it is impossible to fix on any 
definite number, since the light appears to go through 
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every possible sliade of color, from the deep red to faint colors of tho 
violet or lavender grey. If we understand the question ,.es^,ived into 
as applying to the number of definite points at each of eight classes. 
which a wave of different length occurs, their number 
must be considered as infinite. These waves resolve 
themselves into eight classes, distinguished by the color 
they excite in the mind, the same color of different shades 
being produced by waves whose lengths vary between 
certain limits. 



§113. To find the index of refraction for any one of to find the 

these different CO- refractive index 

riff 80 ^^^ color ; 

lors, let J. be a re- 
fracting prism,made 
of any transparent 
medium ; m ?i, a gra- 
duated circle, to the 
centre of which a 
small telescope, is 
attached in such a manner that its line of coUi- 
mation shall move in a plane parallel to that of the gra- 
duated circle, which is held in a position at right angles j^^^j^^^tj^n , 
to the edges of the prism. The telescope, being pro- 
vided at its solar focus with a fine wire perpendicular to 
the plane of the circle, is directed to some distant source 
of light, and the reading of the vernier noted. It is 
then directed so as to receive the colored rays from the 
prism, and the reading again noted when the prism is 
turned to the position giving the deviation a minimum. 
We shall then have 

or neglecting the very small angle subtended hjDCsit 
the distance of the object, 

S = J) Q/S Sameredaoodj 



Tl' I 






&-. ■ ... 



'— - " :l£7 



' IT :l L neiT'na 




:: ii'"'-jt::? 



.1^..:. a:i.i t::^: pr->- 
5 is pvi-rrbrnied, is 



*-•-/. •- -"^^ — **" 



.- ^ •;_/__: ::. b^ incident under a very 



ELEMENTS OF OPTICS. 299 



small angle on any prism, we may replace the sine of the 
angle of incidence and that of refraction by the arcs, 
and we shall have from Equations (10), (3) and (3)', by 
accenting the refractive index and refracting angle of the 
prism, 

(p + ^ = m' (O' + +') = m' . a' Equations 

combined ; 

and this in Equation (11), by accenting ^, gives 

S' = {in' — 1) . a', (93) Equation for on* 

prism ; 

from which it appears that the deviation will increase 
with the refractive index and refracting angle of the 
prism. 

For a second prism, we have in like manner, 

d'' = (^7^" — 1) . a" Same for a 

second prism;' 

and the same for others ; and for a number n of prisms 
we have, by taking the sum of all the deviations, and 
denoting the total deviation by <J„, 

6^={7n''-iy+{m''-l) a"+(m'"-l) a'". . . (m„~l) a„ . . (94) same for any 

number. 

in which, as long as the index of refraction exceeds unity, 
the terms will have the same sign when the refracting 
angles of the prisms are turned in the same direction, 
but contrary signs when these angles are turned in oppo- 
site directions. 

In the case of two prisms whose refracting angles are 
turned in opposite directions, Equation (94) becomes 

^ = (W - 1) a' - (m" - 1) a" _ 

^ ^ ^ ^ ^ Two prisms with 

refracting angles 

and if S^ ^® zero, or there be no final deviation, we have ^° opposite 

directions. 

(m'-l)«'- (m"-l) o"=0 
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Condition that 
will produce no 
deviation for a 
particular color. 



or 



m' -1 



a 



.// 



m 



II 



OL 



7"5 



whence we see, that if the refracting angles of two 
prisms be in the inverse ratio of the excess of the indices 
of refraction of any wave above unity, this wave will 
not be finally deviated by the action of both prisms. 



To find the § 116. Kesmning Equation 

dispersive power /Q^N ^^^^ deuotinor the dcvia- 

of any medium ; ' " 

tion T nV^oi the violet, Tn R^ 
of the red, and Tn G^ of the 
green waves by ^^, ^^, and 5^^, re- 
spectively, the green being 
the mean of the spectrum, we 
have 



Fig. 82. 




Equations for 
the extreme and 
mean colors; 



6^ = {rn'^ 



«- 



l)a', 
1) a.', , 

1)«'; 



in which m\^ m^, and m'^, denote respectively the in- 
dices of refraction of the violet, red, and green waves. 

Subtracting the second from the first, and dividing 
by the third, there will result 



Eettnctlons; 






in\ — m!^ 
m',-1 



. (95) 



Notation ; 



whence, the quotient arising from dividing the angle 
UnV^ subtended by the spectrum, by the angle Tn <?, 
of mean deviation, is constant for the same medium, and 
is therefore taken as the measure of the dispersive power 
of the medium. And denoting this quotient by D, the 
foregoing Equation gives, omitting the accents. 



y s 
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i? = 



m^ — 1 



Value for 
\yvj dispersive power. 



rj 



By this formula, after finding the values of m^,, m. 
and TTig^ in the manner indicated, the dispersive powers 
of the substances named in the following table, as well 
as those of many others, were obtained. 



TABLE OF DISPERSIVE POWERS. 



Sabstances. 


'»«-"*r 


««— *»r 


«^-l 


Kealgar melted. 


0,267 


0,394 


Chromate of Lead, 


0,262 


0,388 


Oil of Cassia, 


0,139 


0,089 


Flint Glass, 


0,050 


0,032 


Crown Glass, 


0,033 


0,018 


Olive Oil, 


. 0,038 


0,018 


Water, 


0,035 


0,012 


Muriatic Acid, 


0,043 


0,016 



Table of 

dispersive 

powers. 



There is a circumstance connected with this subject 
which has been alreadv alluded to, and which should be 
carefully noticed, owing to its importance in the con- 
struction of lenses. If the lengths of spectra formed by 
two prisms o*f different media be the same, the colored 
spaces in the one will not, in general, be equal in length irrationality of 
to the corresponding spaces of the other. This circum- <^^pe«ion- 
stance has been called the irrationality of dispersion, 

§ 117. It is one of the popular, and at first view objection to 
plausible, objections to the theory, just explained, of the tJgj^'^^!^* 
constitution of white light, and especially of the unequal constimuon of 
velocities of waves of different lengths, that a star when^^*^®^'^^'' 
shut out from view, by the interposition between it and 
the earth of any opaque and non-luminous body, should 
exhibit at its disappearance tints of color due to the suc- 
cessive elimination from its light of the red, orange, yel- 
low, and so on, in the order of the spectrum, while at 



^.LTLLi'i _: rl:cl-i rr^^nt iLe conir'ieraentarv 

. : -_ :j. ur :. zii :: Tiki- T-Iaee. Tlie objec- 

• ^---.1-:- "rLj.:,T-- lj.Tr 1.0 ri^lit to grant, 

.. -.: r _^ i^ ■: :lf TRT.ve leiiirtLs to the 

-~T. I. u- LJiiyzZ.' n-vvcc-ules in the great 

. .-^.T "r_".:l :\cji-o-:s US with the plane- 

- ^- r ^' Tjf- ir-z :lr rij:.e £.s in the ether 

-- . jr ~j.-. • •_-■* til* niike np the materi- 

_-- . Z-:.- Ti li-r '~fi seen that the wave 

_^ i J : .-_ n-:. l-i_"^sl is the densities of the 

•.- - -_-- tlr "TiT^s riist, increase, while, 

. —_— -_ : _--.iz.:--f 'nmrzzi the ethereal mole- 

-. .-: r t^ ZJLT-'. :. tie pnnciples of in- 

-^■: «-.- .-.:--f-i :v Equation (9i?), 

-..:. : . T-t- "rii.^ vi known phvsi- 

^ ,. . .: : . :* i_ tlr -:z-app»earance of 

-. - : 1 -"I.'- tilt tl£- distances tn?- 

. ~ ". ._ :."- V tie c-ck-.-ri:il 

_ .- .. .. ..;_^.^ :: t.- tie wave 

. z -.1- ""-"--S at •i:sar'i>ear- 
■_ .. .. ■ :1- s:i-jta:.-r at the 

- • :ri-- .: tic £rs: waves 



~ ~~^- - — : y 
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ements aud, direct them to different foci, since the value Elements of 
of/", in Equation (27), depends upon that of m. Sub- ^ovhtecf to 

stituting in that equation — for/ ), in the case ' ''^^" ^*^ * 

p . \r r' I 

of a spherical lens ; and writing f^ and /., for the focal 

distances of the violet and red rays, we obtain 



\ \ Relation between 



-— = (to„-1). _ +_ 
/« , P / 



the conjugate 
focal distances 
for red and 
violet; 



/r ' ^ P ■ / 



in which ??^^, being greater than m^^ /, will be less than 
/^, and the violet rays will be brought to a focus soonest. 
This departure from accurate convergence, caused by the 
unequal refrangibility of the elements of white light, wlien Chromatic 
deviated by a lens, is called chromatiG aberration^ and aberration 
depends upon the nature of the lens and not on its*^®^"^'^' 
figure. It is measured, along the axis of the lens, by the its measure. 

value of fr —fv 

The intersection of the cone of violet rays, with that 
of the red rays, will give what is called the circle ^/circle of least 



chromatic 



least chromatic oherratioii. The diameter and position 

^ ^ aberration; 

of this circle can readily be found. From the point 
5, demit the ]3erpendicular s = y^ to the axis ; 
this will divide f^ — /^, into two parts v = x^ and 
Or = w] and calling the radius of aperture of the lens 
<z, we shall obtain from the similar triangles of the figure, 



y W X Belations from 

— ^^^ /• ^^^ ~~3 • the figure ; 

« fr fv 



whence we deduce 



+ a? =/r - /. = r (/r +/«) S«°« "^'^^^^ 



w 

a 
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KjkIIus of circle ^^ 
of least 
chromatic 
aberration ; 



^ fr +/. 



(97) 



The denominator of this expression is equal to twice 
the mean value of/*", and therefore, 



Dismctor of 
the same ; 



2y= a (/,_/,)._, 



2 



and from Equation (27), we have 



1 m^ — l m^ — l m^— ra^ 



Jv Jr 



P 



P 



Measnre of 

chromatic 

aberration. 



or 



Jr Jv — 



P 



•rs 



by substituting f"^^ for/*^ ./^, to which it is nearly equal. 
Substituting the value of p, from second equation of 
group (30), the above becomes 



Same in a 
different form; 



Jr — Jv — 



m„ — m. 



V 



f 



"a 



m-l F. 



// 



Final value for 
diameter of 
circle of least 
chromatic 
aberration. 



hence, 



y^a.^^^^t^^a.Dr. . (98) 



2y 



In the case of parallel rays, the last factor is unity, 
from which we conclude, that the diameter of the circle 
of least cliromatic aberration is equal to the radius of 
aperture of the lens^ multi-plied hj the dispersive power. 

The distance of this circle from the lens is, 
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/• Distance of this 

y* \^ ^ / I «/ p • y circle from the 

v-T '*^ —Jv -r — - — 5 , ,. 

d lens ; 

replacing ~^ by its value in Equation (97), we have 
a 

/« + -^^ — — /. , /. \^^; reduced. 

t 

The effect of chromatic aberration is to give color to Eg-e^t of 
the image of an object, and to produce confusion of ^^'^o^^atio 
vision in consequence of the diflerent degrees of conver- 
gence in tlie diftereutly colored waves proceeding from 
the same point of an object. The vertices of the cones 
composed of the rays of these waves, lying in the axis, 
every section perpendicular to this line will have its 
brightest point in the centre, and the yellow waves con- in part 
verging nearly to the mean focus, and having by far tbe*^^^**^®^' 
greatest illuminating property, the bad effects which 
would otherwise arise from this aberration are in part 
destroyed. Besides, these effects may be lessened by 
reducing the aperture of the lens, though not in the^^ ^^ 
'same degree as those arising from spherical aberration, diminished. 



ACHROMATISM. 

§ 119. It is, then, impossible, by the use of a single Achromatism; 
homogeneous lens, to deviate the different waves of white 
light accurately to a single focus, and, consequently, im- 
possible, by the use of such a lens, to form a colorless 
image of any object ; both, however, may be done by the 
union of two or more lenses of different dispersive powers. 
The principle according to which this maybe accomplished, Achromatic 
is termed Achromatism^ and the combination is said to ^®°^^^°*"<*°- 
be acliromqtic. 

Let us suppose two lenses of different dispersive powers 
placed close together. The focus of the combination will, 

20 
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-» nam ±:j:il: -z. i.^ ^ r^i *}.^ fvurrh E^yasLxlon of groTip ^o*A for 
'^^ ^7 ''^' '- *-^^ i-'.i^iiix^isirT oziois as red, be siven bv 



/ 



-" '. i*!'^ •/. "Ti-rr -rziiil. the chromatie aberration, 
i^^ ":^;-.'"~=' ^»i*< ^.t-:-:^ TFin^'i be destroyed; equating 



.-: • 77. -1 ' = '=i,-l}/+(in/- 1) 



v: .1..-. 



- _ -"^r ~ ^'^r 






:-: -:^ --..ji-^~f. ;e:G.::se /;; ^ is greatei 



>: 's :i' mis c^:"i:idoii by 



• iTi-r 



~ ^ . . . (100) 



.1 — ^ 



\ 



« «» 



' . >v\ . >.r ,-.:.-,<>:< £i-r ri*:!-:' cc the disp^r- 

•V ■.,.:. ::: 1 :lir i.^:::. :ce inverse ratio 

. ^ . ^ ■, :^^> : r :■>: zi-fiii waves; this 

,, X ..■- .. . Jc '-.,-Scr- r:::sc c-e cr-neave, the 

. . ^ » >v - V \ 1- . ^:-. r-^ V, ^ .c :ie lenses beinor inversely 
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as the focal distances, we conclude, that chromutic aber-'^^^^^ for 

,. 7 7 7*7^ 77* 77 Constructing an 

ration^ as rerjaras red ana violet^ onay be destroyed oy t^\,TomaxxQ\em 
uniting a concave with a convex lens^ the principal focal ^^^^^^^^^^^ 
lengths heing talien in the ratio of their dispersive powers. ^^^^ ' 

The usual practice is to unite a convex lens of crown 
glass with a concave lens of flint glass, the focal distance usnai 
of the first being to that of the second as 33 to 50/"°^^^"*"^"' 
these numbers expressing the relative dispersive pow- 
ers as determined by experiment; (see Table § 116). The 
convex lens should have the greater power, and, there- 
fore, be constructed of the crown-glass; otherwise, the 
ejffect of the combination would be the same as that of convex lens 
a concave lens with which it is impossible to form a ^^'^"'^ ^'*''® "'** 

^ greater power; 

real image of a real object. 

Fig. 84. 



2"-... "^Tr-* 

^^P* J^-^J^' Illustration; 




To illustrate : let parallel rays be received by the lens 
A ; its action alone would be, to spread the different 
colors over the ^^v^o,^ VH^ whose central point m, is dis- 
tant from A^ 33 units of measure, (say inches), the violet 
being at F", and the red at i?; the action of the lens B^ 
alone would be, to disperse the rays as though they pro- 
ceeded from difterent points of the line V R\ whose Explanation of 
central point m', is distant from^, 50 inches, the violet"'^'''*'"" ^^"'^ 

, -^ ' ' compound lens ; 

appearing to proceed from F', and the red from i?'; and the 
effect of their united action \vould be, to concentrate the 
red and violet at F^ whose distance from the lens is 
equal to the value of F^ deduced from the formula 

1 11 1 . , Example; 

-— -=— 1 =— — inches. 

F 33 ^ 60 97 , 06 



3i>S 



NATURAL PHILOSOPHY. 



Porat in which Qp 
ml and violet 
weald be united ; 



F= — 07 ,06 inches. 



Geometrical 

fllnatratlon ; 



Fig. 84. 




-mr 



-^'^^C--^' 



Why the other Now, any One of the coloi^s, orange for example, at 

^^Ty^"""^ a in the space li F, which is thrown by the 

cvBc%fntru*d in convox lons In advance of the centre m, and the same 

^'•^^^P^*^'- ci^lor at (>'iuthe space F'T?', which is thrown by the 

concave lens behind the centre 7n\ will, it is obvious, be 

unite^l with the violet and red at i^^, by the joint action 

of lK>th lenses ; and the same would be true of any other 

i\>Ior, but for the irrationality of dispersion of the me- 

ilia of which these lenses are composed, which prevents it, 

and houoo an image formed by such a combinatit)n d 

\c^x\^<^ will bo fringed with color; the colors of the fringe 

v\^ii?ititutinir what is called a secondary sjpectrum. An 

^vlditioa^U lons is sometimes introduced to complete the 

AohivtuAtioity of this arrangement. 









§ l:?0» If two lenses, constructed of media between 
whu'h thoro is no irrationality of dispersion, be united 
avxnnxliug to the conditions of Equation (100), the coiT\- 
bination will be perfectly achromatic. It is found tlx^^ 
In^twoon n certain mixture of mm'iate of antimony wi*^^ 
nuiriatio acid, and crown-glass, and between crown-gl^»^^ 
and inoroury in a solution of sal ammoniac, there is 1 ^ 
Uo or no irrationality of dispei-sion. These substanc^^^ 
havo tluMvfore been used .in the construction of co^^ 
po\nul loiises which are perfectly achromatic. The figw- ^ 
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represents a section of one of these, ^^s- ^• 

consisting of two double convex 
lenses of crown-glass, holding be- 
tween them, by means of a glass 
cylinder, a solution of the muriate in 
the shape of a double concave lens, 
the whole combined agreeably to the relations expressed 
by Equation (100). The focal distance of the convex 

lenses is determined from Equation (31). 




Eepresentatlon 
of an achromatio 
lens; 



§121. From Equation (98), we infer, that the circle circle of least 
of least chromatic aberration is independent of the focal ^^'°™"f^° 

•*• aberration 

length of the lens, and will be constant, provided the independent of 
aperture be not changed. Now, by increasing the focal ^''^ ^®°^ ' 
length of the object glass of any telescope, the eye lens 
remaining the same, the image is magnified ; it follows, 
therefore, that by increasing the focal length of the field 
lens, we may obtain an image so much enlarged that 
the color will abnost disappear in comparison. Besides, Telescopes 
an increase of focal length is attended with a diminution formerly very 

Ions* 

of the spherical aberration. This explains why, when 
single lenses only were used as field lenses, they were 
of such enormous focal length, some of them being as 
much as a hundred to a hundred and fifty feet. The 
use of achromatic combinations has rendered such lengths 
unnecessary, and reduced to convenient limits, in stru- Modem ones 
ments of much greater power than any formerly made ^^®'*^'- 
with single lenses. 



INTERNAL REFLEXION. 



§ 122. Whenever the waves of light in their motion 



Internal 



through any medium meet with a change of density and reflexion; 
elasticity, they will be both reflected and refracted. In 
consequence, objects seen by reflexion from a plate of 
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Avi.en objects glass, ill the atiTiosphere, appear double when the faces of 

Rcen by reflexion ^j^^ glass are not parallel, there being an image formed 

apiK^ur double; bj reflexion from each face. Tlie image from the second 

surface will be brighter in proportion as the obliquity or 

angle of incidence of the incident waves becomes greater. 

If the second surface of the glass be placed in contact 

with water, the brightness of the image from that surface 

will be diminished ; if olive oil be substituted for the 

water, the diminution will be greater, and if the oil be 

Eeiative replaced by pitch, softened by heat to produce accurate 

images ^^n th!^^^^^^^ tlic image will disappear. If, now, the contact 

second surface is be made with oil of cassia, the image will be restored ; 

if with sulphur, the image will be brighter than with oil 

of cassia, and if with mercury or an amalgam, as in the 

common looking-glass, still brighter, much more so indeed 

than the image from the first surface. 

The mean refractive indices of these substances are as 
follows : 



vanous 
substances ; 



Kofractive 
indices of tliese 
substances; 



Air, 1,0002 

Water, - - - - 1,336 
Olive Oil, - - - 1,470 
Pitch, - - 1,531 to 1,586 
Plate Glass, 1,514 to 1,583 
Oil of Cassia, - - 1,641 
Sulphur, - - - 2,148 



Indices 

compared "with 
tlie index for 
plate glass ; 



Conclusion. 



Taking the differences between the index of refraction for 
plate glass and those for the other substances of the 
table, and . comparing these differences with the forego- 
ing statement, we are made acquainted with the fact, 
which is found, to be general, viz. : that when two media 
are in perfect contact, the intensity of the light reflect- 
ed at their common surface will be less, the nearer their 
refractive indices approach to equality ; and when these 
are exactly equal, reflexion will cease altogether. This 
is an obvious consequence of the rationale of reflexion, 
given in Acoustics, § ^'^ 
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§123. Difterent substances, we have seen, have, in owing to a 
general, different dispersive powers. Two media may, dLpereive^ 
therefore, be placed in contact, for each of which the power the light 
same color, as red, lor example, may have the same m- ^^^^g^j^j^^^ ^^ - 
dex of refraction, while for the other elements of white the second 
light, the indices may be different ; when this is the ^" ^^' 
case, according to what has just been said, the red would 
be wholly transmitted, while portions of the other colors 
would be reflected and impart to the image from the 
second surface the hue of the reflected beam ; and this 
would always occur, unless the media in contact pos- 
sessed the same refractive and dispereive powers. 



ABSORPTION OF LIGHT. 

§124. The waves of light which enter any body are Absorption of 
not transmitted without diminution ; but in consequence of "^^'' 
a want of perfect elasticity due to the reciprocal action 
of the molecules of the ether and the particles of the 
body, and owing to the absence of perfect contact of 
the elements of bodies, these waves undergo a series of 
internal reflexions which give rise, as in the case of now produced, 
sound, to interferences and consequent loss of intensity. 
This action of bodies upon light is called absorption. 

The quantity absorbed is found to vary not only from Quantity 
one medium to another, but also in the same medium absorbed varies; 
for different colors ; this will appear by viewing the pris- 
matic spectrum through a plate of almost any transpa- 
rent, colored medium, such as a piece of smalt bhce glass^ 
when the relative intensity of the colors will appear al- 
tered, some colors being almost wholly transmitted, while 
others will disappear or become very faint. Each color 
may, therefore, be said to have, with respect to every 
medium, its peculiar index of transparency as well as of ^°*^^^***' 

•^ "*• transparency; 

refraction. 
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Qnanuty "jj^^ Quantitj of cacli color transmitted, is found to 

absorbed ^ 

depends upon; depend, in a remarkable degree, upon the tliickness of the 
medium ; for, if the glass just referred to be extremely 

* thin, all the colors are seen; but if the thickness bo about 

2V of an inch, the spectrum will appear in detached 
portions, separated by broad and perfectly black inter- 
vals, the rays corresponding to these intervals being to- 
tally absorbed. If the thickness be diminished, the dark 

«_x , spaces will be partially illuminated : but if the thickness 

Extreme colors ^ l j 1 

transmitted be iucrcascd, all the colors between the extreme red and 
longest ^,,1^1^^ ^jl^ disappear. 

iierschei's g|p JoHN IIeeschel conccivcd that the simplest 

hypothesis to , , , , . 

account for the hypotliesis witli regard to the extinction of a wave of 

exunction of a homogcncous light, passiug through a homogeneous me- 

wavel dium is, that for every equal thickness of the medium 

traversed, an equal ajiquot part of the intensity which 

up to that time had escaped absorption, is extinguished. 

That is, if the -— th part of the whole intensity, which 

in 

will be called c, of any homogeneous wave which en- 
ters a medium, be absorbed on passing through a thick- 
ness unity, there will remain. 

Portion 72, fri — n 

transmitted ^ ^ = ^ j 

through a unit of ^ ^ 

thickness ; 

and if the -^th part of this remainder be absorbed in 
m 

passing through the next unit of thickness, there will 

remain 

Portion 2 

transmitted m-U ^ _ U [m - u) ^ _ TTh - Th ^ 

through two ^ ^^^2 ^^2 > 

units ; 



and through the third unit, 



a 
Through three m — U 

^ C — 



units; 



ni' 



nim — Ti)^ (m ^ n\^ 

-^ <- 6'= I C, 
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and through the whole thickness denoted by t .units, 

(m - nV-^ n Im - n\-^ Im — n\ '^^"''"-^ ' °"'^ 

I ) . C ( I . G =1 I.e. of thickness; 

\ in I 7n\ rti I \ m I 

So that, calling c the intensity of the extreme red 
waves in white light, c' that of the next degree of re- 
frangibility, c" that of the next, and so on," the incident 
light will, according to Sir J. II., be represented in in- 
tensity bv 

C + C' + g" + C'" + &C. Intensity of 

^ incident light; 

and the intensity of the transmitted light, after travers- 
ing a thickness ^, by 

cf ^d y'^ + c" y"^ + &c. . . . (101) Th^* of 

transmitted 
light ; 

Wherein y, represents the fraction , which will 

^ m 

depend upon the waves and the medium, and will, of 

course, vary from one term to another. 

From this it is obvious, tliat total extinction will be "^""^^ extincuon 
impossible for any medium of finite thickness; but if for finite 
the fraction ?/, be small, then a moderate thickness, which twckness; 
enters as an exj^onent, will reduce the fraction to a value 
perfectly insensible. 

Numerical values of the fractions y, y', y'\ &c., may indices of 
be called the indices of transparency of the different '^"^p*^®"*'^- 
waves for the medium in question. 

There is no body in nature perfectly transparent, though ^® ^^y *^ 

nature Deff<Bctlv 

all are more or less so. Gold, one of the densest of me-transiwent; 
tals, may be beaten out so thin as to admit the passage 
of light through it : the most opaque of bodies, charcoal, 
becomes one of the most beautifully transparent under 
a different state of aggregation, as in the diamond, " and 
all colored bodies, however deep their hues and however 
seemingly opaque, must necessarily be rendered visible 
by waves which have entered their surface ; for if re- 
flected at their surfaces they would all appear white 
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prism fall in or below the eye. In ])as3inn: from the first f ^^"^^ replaced 

^ ° ... . by drops of 

to the second position, the prism would, therefore, pre- water ; 
sent, in succession, all the colors of the solar spectrum. 
If, now, the faces of the prism be regarded as tangent 
planes to a S2)herical drop of water at the points where 
the two refractions and intermediate reflexion take place, 
the prism may be abandoned and a drop of water sub- 
stituted without altering the effect ; and a number of 
these drops existing at the same time in the successive po- 
sitions occupied by the prism in its descent, would exhi- 
bit a series of colors in the order of the spectrum with 
the red at the top. 

Aline jB'/S', passing through the eye and the sun, is Axis of 
always parallel to the incident rays; and if the vertical ^gy^"3lpIJ*g. 
plane revolve about this line, the drops will describe con- 
centric circles, in crossing which, the rain in its descent 
will exhibit all the colors in the form of concentric arches 
having a common centre on the line joining the eye and 
the sun, produced in front of the observer. When this 
line passes below the horizon, which will always be the 
case when the sun is above it, the bow will be less than |g gemi-drcuiar, 
a semi-circle ; when it is in the horizon, the bow will be -^c., 
semi-circular. 



riff. 67. 




Illustration 

for primary bo^r. 



To find the angle subtended at the eye by the radii subtetuieli at 
of these colored arches, let A B D^he a section of a drop "'° ^^'^^ ^y *^'® 

/»•! i. rTifi.'-i j-f-vT TOfWi of the 

oi ram through its centre; oA the mcident, AD the colored arches; 
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Fig. 87. 



Dlastratlon foi 
prinuuybow; 



C^^ 



notation ; 




refracted, DB the reflected, and B R the emergent ray. 
Call the angle C Am=^ the angle of incidence, qj, and 
the angle C A D = the angle of refitiction, 9' ; the an- 
gles subtended by the equal chords AD and D B^x\ 
and the angle A GB^ d. Then we shall have 



Equation fox 
one internal 
reflexion ; 



For two internal 
reflexions ; 



«=2* -2x; 

and if there be two internal reflexions, there will be 
three equal chords, in which case, 

4 = 2^-3x; 



and generally, for n internal reflexions. 



For n internal 
reflexions ; 



^ = 2'^' — ?i + l .% 



(102) 



Angle snbtended 
by the equal 
chords ; 



Sabstitation ; 



but in each of the triangles whose bases are the eqnal 
chords, and common vertex the centre of the drop, 

and this, in Equation (102), gives, on reduction, 

4 = 2(71 + 1)9'- (^-1)* . . . .(103) 

Because the chords are all equal, the last- angle of in- 
cidence CB Z?, within the drop in Fig. (87), or CBB, 
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inFjV(88), is equal to tlie ande of refraction C^i)/"eieof 

*-' ' ^ ^ * emergence cqaal 

and lience tlie angle of emergence C B 7rh\ is equal to to angle of 
the angle of incidence C Am, incidence; 

The angle AO B^ in Fig. (87), is the supplement of the 
total deviation of the emergent from the incident ray, 
and is equal to the angle BEF^ subtended by the ra- rwcferences to 
dius of the bow; in Fig. (88), it is the excess of total de-^^"®^' 
viation above 180°. 

Callino: this ande ^, we shall have Notation and 

° ° ' equation; 

<J=:f(2<p — 0); 
Fig. ea 




Illustration for 
secondary bow ; 



the upper sign referring to Fig. (87), and the lower to 
Fig. (88) ; replacing ^, by its value in Equation (103,) the 
above reduces to • 



General value 



^ = =F ( 2 9 — 2 (tI + 1) 9' + 72. — 1 . •B') . (104) for radiusof a 

colored arch ; 



this, with equation 



sin 9 = m . sin 9', (105) From wWch the 

radius of any 
particular color 

will enable us to determine the value of ^, when 9 and m *^"° ^*^ ^'^^^ ' 
are given for any particular color. 

For any value of 9, assumed arbitrarily, ^ will, in gen- 
eral, correspond to rays of the same color so much dif- 
fused as to produce little or no impression upon the eye ; 
but if 9 be taken such as to give ^ a maximum or mini- 
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What waves mum. then will the rays corresponding: to m, emerge pa- 
appertain to the ^ ^ ^ 11 . ? . 
rainbow. rallcl, Or nearly so, for a small variation in the angle 9 

on either side of that from which this maximum or 
minimum value of S results ; hence, the waves which en- 
ter the eye in this case will be sufBciently copious to 
produce the impression of color, and these are the waves 
that appertain to the rainbow. 

§ 126. By an easy process of the calculus it is found 
that the relation which will satisfy these conditions, is 



Relation that 
will fulfil the 
conditions for 
color; 



COS 9 



^ 



n-^1 in cos (p' 
Clearing the fraction, squaring both members, adding 

mJ^ sin^ 9' = sin^ 9 



and reducing, we get 



Corresponding 
angle of 
incidence : 



cos 



>=>/ 



m^ — 1 

7l2 + 2 7^ 



• • • 



, (106> 



For one internal reflexion, which answers to Fig. i^T^t 



baine for one 
internal 
reflexion ; 



cos 9 = 




m^ -r- 1 



Itadii of the 
colors of 
primary bow 
deduced ; 



and substituting in succession the values of m, answeri 
to the different colors for water, we shall have. values 
9, and consequently for 9', Equation (105), which subs 
tuted in Equation (104), will give the angles subtend 
by the radii of the colored arches which make up wh 
is called the primary low. 




For red, m = 1,3333, hence 



Example, red of 
the primary; 



cos 9 = 0,5092 = cos 59^ 21', 



sin 9 = v/1 -cos^ 9 = 0,8603 ; 

See Appendix No. 8. 
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this last, in Equation (105), gives 

9' = 40° 11', 
and these values of 9 and 9', in Equation (104), give 

8= - 118° 42' + 160° 44' = 42° 02'. 



Substitution and 
reduction ; 



Value of d'. 



For the violet, m = ,1,3456, 



COS 9 = 0,5199 = cos 58° 411', 
sin 9 = 0,8543, 



Example, violet 
of the primary ; 



9' = 39° 25', 

^' = - 117° 23' + 157° 40' = 40° 17' ; vaiue of 6' ; 



hence, the width of the primary bow is 

8"$' = 42° 02' - 40° 17' = 1° 45'. 

If there be two internal reflexions, as in Fig. (88), we 
shall, by making ?i = 2, find 



Width of primary 
bow. 



COS 



9 =\A 



m^— 1 



8 



Solution for two 
internal 
reflexions ; 



and obtain, by a process entirely similar, the elements geco^dary bow; 
of what is called the secondary how. 



For the red rays, 



$ =: 50° 57', 



Value of ^; 



violet, 



6' = 54° 07', 



and 



^'-^=3^10'; 



Value of d'; 



Width of 
sooondarv Imw; 



•'i* 
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« 



. .^1 






— _ _* JL 



r -I ^ — .» — 






■VX 



■::i'iiLrr. beins: CTeater than ^, 

• at/jMe, and the colors, there- 

ler the reverse of that in the 

r-rer.ce between the values of 

'. iirv b:»ws, we will obtain the 

1 is :.*>= 57' — 42° 02' = 8° 55'. 

: Z'2\ the width of both bows 

■ :Lls -^uantity. the solution having 

i-z: ;• -!:I -r: that the light flows from 

- N, ::-rrc:v»re, 2^ 17' in width, and 

TLr Lalf of 32' being added to 

::: 'Le primarv, will give 42° 18', 

:.. re tLan that height above the 

:_:. . : ' •£• seen. ATlien liigher than 

f --?.- i:irv will be visible. 

Z v.:.:' n (100;. 3 for 72, we might 

..- 1 'v -.v, which would be found to 

v -lirTiLce ...f about 43^ 50' ; byt the 

1. : •_"♦,-: hvr with the great loss of 

■-...■." :\::vx:-.'::s. renders this bow 

. . :.: ::..: i-.^si'jii ; it is, therefore, 



. x' . • « . 










iU 



» \ * ^ * > ■«■ 



L.O 






it is casilv shown 
VAX. , ::i l\;i::::- ^r. : • c\ :> a :;:ax::imni for the primary 
twi. vv,.:.'..u ii!i.l n luia-MUiia lor ilio socon.iaiy. Tliis explains the 
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remarkable fact that the space between these bows always ^«™»^^*^^® 

^ *> appearance of 

appears darker than any other part of the heavens in the tiic heavens 
vicinity of the bow ; for, no lio-lit twice refracted and once ^^''''*'*^" ^"^^^ 

•^ 5 7 o bows accounted 

reflected can reach the eye till the drops arrive at the prira- for. 
aiy, and none which is twice refracted and twice reflected, 
can arrive at the eye after the drops pass the secondary ; 
hence, while the drops are descending in the space be- 
tween the bows, the light twice refracted with one or two 
intermediate reflexions, will pass, the first above, and the 
second below or in front of the observer. 

The same discussion will, of course, apply to the lunar 
rainbow which is sometimes seen. 

§128. Lunainons and colored rings, called lialos^ are^*^^^^' 
occasionally seen about the sun and moon ; the most re- 
markable of these are generally at distances of about 
twenty-two and forty-five degrees from these luminaries, 
and. may be accounted for upon the principle of unequal 
refrangibility of light. They most commonly occur in 
cold climates. It is known tliat ice crystallizes in minute 
prisms, havinor anojles of 60° and sometimes 90°: these '^®''' *p^*"^** 

, , , . accounted for ; 

floating in the atmosphere constitute a kind of mist, and 
having their axes in all possible directions, a number 
will always be found perpendicular to each plane pass- 
ing through the sun or moon, and the eye of the obser- 
ver. One of these planes is indicated in the Figure. 

Sm. beinor a 
beam of light pa- rig. do. 
rallel to S E, 
drawn through the j^"^^ ^'^ 

, <* \y^^^^'^ 1 ninstration and 

sun and the eye, y<!^__ ^ ^; ^ explanation; 

and incident upon jf ~ JT^^r-^-^^^ 

the face of a prism f ^/C-^^^ sL 

whose refractinjr 

angle is 90° or 60°, 

we shall have the value of ^, corresponding to a minimum 

from Equation (12), by substituting the proper values of 

fa for ice. The mean value being 1,31, we have 

21 



322 



NATURAL PHILOSOPHY. 



Example flnt, 



sin ^ ((J + C0°) = 1,31 . sin 30^ 



i ^ = 40° 55' 10" — 30° = 10° 55' 10" 



^ = 21° 50' 20 



and 



Example second ; 



sin^(^+90°) = l,31.sin45° 
i ^ = 67° 52' — 45° = 22° 52' 



S = 45° 44'. 



Other phenomena of a similar nature will be noticed 
hereafter. 



Retrospective 
view of the 
phenomena of 
unpolarized 



ligbt 



Ilemarks on the 
disturbance of 
molocular 
equilibrium; 



POLARIZATION OF LIGHT. 

§ 120. We have thus fiir been concerned with the pro- 
pagation of luminous waves through homogeneous media, 
with the deviation which these waves undergo on jneet- 
ing with a change of density, and with the superposi- 
tioij of two or more waves, by which their effects are 
increased, dimlnislied, or totally destroyed. We now 
come to a class of optical phenomena whose explanation 
depends u2)on considerations affecting the particular mode 
of molecular vibrations in these waves. 

Wlien an ethereal molecule is disjDlaced from its posi- 
tion of erpiilibrium, the forces of the neighboring mole- 
cules are no loiio-er balanced, and their resultant tends 
to drive the displaced molecule back to its position of 
rest. The displacement being supposed very small iii 
comparison with the distance between the molecules, the 
forces thus excited will, we have seen in Acoustics, be 
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proportional to tli3 displacement ; and according to prin- 
ciples explained in Mechanics, the trajectory described by 
the molecule will be an ellipse whose centre coincides 
with the position of equilibrimn. Hence, the vibration ^ '"'^"^'^^^ 
of the ethereal molecules is, in general, elliptic, and the general, describes 
nature of the light thence arising depends upon the re- «^ «^"ps« »* 
lative directions and magnitudes of the axes. These el- . 
liptic vibrations ,are in planes parallel to the wave front, 
and consequently transverse to the direction of wave pro- 
pagation. The axes of the ellipses may either preserve 
constantly the same direction in their respective planes, 
or may be continually shifting. In the former case the light i>istinction 
is said to be polarized; in the latter, it is unpolarized polarized and 

or common light. common light. 

§ 130. The relative magnitude of the axes of the ellip- ^"^^ure of the 
ses determines the nature of the polarization. When^g^grmined- 
the axes are equal the ellipses become circles, and the 
light is said be circularly 'polarized^ when the lesser axis 
vanishes, the ellipse becomes a right line, and the light 
is said to hQ plane jpolarized — the vibrations being in this 
case confined to a single plane passing normally through 
the wave front. In intermediate cases the polarization 
is called elliptical^ and its character may vary indefi- ^''■^°''!^' p^*"®* 
nitely between the two extremes of plane and circular polarization. 
polarization. 

The term polarization in optics has come to be a misno- ^se of the term 
mer. It was introduced before the theory of luminous expkhied'!" 
■ tindiilatLons had gained much favor with the scientific 
r world ; and was intended at the time of its adoption to 
: express certain fancied affections, analogous to the polari- 
ties of a magnet, conceived to exist in the material ema- 
■^ nations which, according to Newtox, constituted the es- 
, Bence of light. It would be better were it replaced by 
some other term more expressive of the actual condition 
of the light; but at present this seems to be impossible, 
owing to its very general acceptation, and it is accord- 
in^j retamed. 



„^.. a 






■"'■.■' 



. S 



- ^" -.j; 



- . —__.. i::.r a 



._f 






■:■:. t: ;:; jvive- a 
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Fig. 91. 



\ 



exile at A^ towards C, and 
suppose the vibration to take 
place in the phine of the pa- 
per, and let MJ}^ be the front 
of the wave at the expiration ^ ^ 
of any time t^ after tlie be- 
ginning of motion. The dis- j\r 
placement a?, of the molecule 
at (7, will, § 55, Acoustics, be given by the equation 



/; 



Transversal 
vibration 
supposed to 
proceed from a 
disturbed particle 
at ^; 



X 



z= — . sin (2 'ff' . 
C \ 



Yt — c 



) 



Consequent 
displacement of 
another particle 
atC; 



in w^hich a denotes the amplitude of the disturbance at 
unit's distance from A ; c, the distance from A to C\ F", the 
velocity of wave propagation, and X the length of the wave. 

At the same instant, suppose a second transversal vibra- ^ second 
tion to proceed from any other point, as B^ towards (7, yibration from 
the vibrations in the latter case being perpendicular to*"y®*^®'P®^°'» 
the former, and let M' N' be the front of the wave at 
the expiration of the same time ^, as above. The dis- 
placement y, of the molecule C, due to this action, will 
be given by the equation 



5 • /o 
y = — . sm ( 2 * . 

c. \ 



Yi—G, 



) 



Displacement of 
tbe same particle 
atC; 



in which 5 denotes the amplitude of the disturbance at 
unit's distance from B^ and (?„ the disturbance from jff to C 
Dividing these equations respectively by the coefficient 
of the circular function in the second member, we obtain 
the equations. 



2flr . 



Yt-^G 



.= arc (sin = — ), 



2^ , 



Yt 



^ = arc (sin = -^ j ; 



Equations 
obtained fh>m 
tbese 
displacements ; 



\j^L^ pniLosopnY. 



".il \>e respective] J 



\i - — 



iUtt V 1 — 



3 >/2 






* ":^==e irqimtioiis fi-om the first, 



arc sin = ^ ^ \ 

* b 



JiZZiZ 



12. Ttemoer of the equation, and 
LZ!* 'I "iie iLfference of two arcs 
n^ -Th!73mr!es of die cosines and 



s^i -T-^HL-n.-'n, 



.5r 



* .. 



-.-:.^7=^=^;c_e)(107) 



I 



'- ^■■':-rr"r': to its centre. 

-^ 7^ :-^':rv:r.;:r the same 

--7 T- .:j.t:- already said, 

^- '^•■' :-:n:Don:i«]eJ of 

;-.^r:i i: ri^L: 2.n!]:les to 



(108) 



■- ti-* 



' :" i :-:.:. L'^ i": e _^i: M-rrnies circularly 

\z -' ' - 1:1: -: :'rr: T'-izf r«:Iarized waves 

: x:s~-. LiT^ -Jir-r tLi:i£-s ::' r-:»larization at 

i: cjci :ci»:-:- Iz. iiis liner case, the li^irlit 
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will possess many of the properties of common light, but 
will differ from it in some important particulars to be 
noticed presently. 



Fig. 92. 




§133. The difference 
between polarized and 
common light being, 
that in the former, the 
axes of the ellipses de- 
scribed by the molecules remain parallel, while in the 
latter they are incessantly changing their directions ; 
common light, like elliptically polarized light, may be 
regarded as compounded of two plane polarized waves, 
of which the planes of polarization are at right angles 
to each other. When these component vibrations are 
separated, each component becomes plane polarized light. 
This sejiaration may be effected, cither by causing these 
component vibrations to take different directions by or- 
dinary reflexion and refraction, by the retardation or ac- 
celeration of one over the other, as in the case of double 
refraction, soon to be explained, or by absorbing one and 
permitting the other to pass unobstructed. 



Common light 
may bo regarded 
as compoanded 
of two waves 
polarized in 
planes 

perpendicular to 
each otiier: 



Effect of 
separating these 
component 



waves : 



DIfFerent ways of 
causing this 
separation. 



POLARIZATION BY REFLEXION AND REFRACTION. 



Polarization bv 



§ 134. It is ascertained that when a w^ave of common reflexion and by 
light is incident on any transparent medium of uniform refraction: 
density, under a certain angle of incidence, called the 
polarizing aiigle^ the resolution above referred to, takes 
place ; the reflected and refracted waves become plane 
polarized, the former in the plane of reflexion, and the 
latter in a plane at right angles to it. Both waves lose 
almost entirely the power of being again reflected or re- 
fracted when the surface of a second deviating medium introductory 
is presented to either in a particular manner. remarks; 
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Fig. oa 



Experimental 
illostration : 




Explanation of 
apparatas ; 



Thus, M N and Jf' N\ representing two plates of 
glass, mounted upon swing frames, attached to two tubes 
A and i?, which move freely one within the other about 
a common axis, let the beam SD^ of homogeneous light, 
be received upon the first imder an angle of incidence 
equal to 56° ; reflexion and refraction will take place ac- 
cording to the ordinary law", and if the reflected beam 

D D\ which is sup- 



Appearance 
when the 
analyzer is 
perpendicular to 
the plane of first 
reflexion ; 



posed to coincide with 
the common axis of 
the tabes, be incident 
upon the second re- 
flector under the same 
angle of incidence, 
the reflector heing jper- 
pendicular to the 
jplane. of first reflex- 
ion^ it will be totally 
reflected, there being 
none refracted. 

But if the tube B^ 

The same when bc tumcd about itS 
the analyzer is • i_i j. i a i * 

Involved through ^xis, the tubc A being 
any angle less at rcst, the angle of 

than90O; • 'j .i i 

mcidence on the glass 
M' N\ will remain 
unchanged, refraction 



Fig. 94. 




Fig. 95. 
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Fig. 96. 




Will begin, and the re- 
fracted portion will in- 
crease while the reflected 
portion will diminish, till 
the tube B has been turn- 
ed through an angle equal 
to 90°, as indicated by the 
graduated circle C', on the 

tube A ; in which position of the reflector, the beam will 
be totally refracted. Continuing to turn the tube i?, the 
reflexion from M' N' will increase, and the refraction 
will decrease, till the angle is equal to 180°, when the 
plane of the first reflexion will be again perpendicular 
to M' iV', and the whole beam will be reflected ; beyond 
this, reflexion will again diminish, and refraction increase, 
till the angle becomes 270°, when the beam will be to- 
tally refracted ; after passing this point, the same phe- 
nomena will recur, and in the same order, as in the 
second quadrant, till the tube is revolved through 360°, 
when the restoration of the reflected wave will be com- 
plete. The same phenomena would have occurred had 
the second reflector been presented to the refracted com- 
ponent of the original incident wave on its emergence 
from the first plate of glass. 

It is important to remark in this connection, that the 
molecular vibrations in the wave refiected from, and 
in that transmitted thrbugh the second reflector, take 
place, the former in the plane of second reflexion and 
the latter in a plane at right angles to it ; and that 
the effect of the second reflector is, therefore, to twist, 
as it were, the planes of polarization of these component 
waves in opposite directions, that of the reflected wave 
through an angle which measures the rotation of the 
second reflector about the axis of the tubes, and that of the 
refracted wave through an angle which is its complement. 

It thus appears that a beam of homogeneous light re- 
flected from, or refracted through, a plate of glass, be- 
ing incident under an angle equal to 56°, immediately 



The same for a 
rovoljition 
through 90O ; 



Appearances 
■\vlien the 
analyzer is 
revolved through 
the other three 
quadrants. 



Same phenomena 
exhibited by the 
refracted wave. 



Important 
remark. 
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Characteristics acqiiircs opposUc pi'opei'ties, with respect to reflexion and 
poiLi^ light, I'efraction, on sides distant from each other eqnal to 90°, 
measuring around the beam ; and the same properties at 
distances of 180° ; and tliese among other properties dis- 
tinguish plane polarized light. 
Effects when the ^Ye havc supposed the angle of incidence 56°, if it 
were less or greater than this, similar effects would be ob- 
served, though less in degree; or, in other words, the 
waves iirst deviated would be elliptically polarized, the 
eccentricity of the elliptical orbit increasing as the angle 
approaches more and more to that of polarization. 



angle of 
incidence differs 
from that of 
polarhutiun. 



Fig. 98L 



Apparatus. 



JH' 




Position of the 
plane of 
polarization 
determined ; 



Analyzer 
revolved ; 



Ii.ti'nsity of 
rulliMMcd hoam; 



The plate JS[N\% called ^\^ jpolarizev^ and M' N\ the 
analyzer. The position of the plane of polarization in 
any plane polarized wave, is readily ascertained by the 
total reflexion which takes place from the analyzer, when, 
the polarized beam being incident under the polarizing 
angle, the plane of the -analyzer is per2)endicular to it. 
Starting from this position of the analyzer, with respect 
to the plane of polarization, and calling a, the angle be- 
tween the plane of polarization and that of second inci- 
dence, which is equal to the angle through which the 
analyzer has at any time been turned about the fii'st 
reflected or polarized beam ; ^,the intensity of this beam, 
and 7, the variable intensity of that reflected from the 
analvzer in its various positions, the formula 



I =^ A cos^ a, 



(109) 
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will express, for imcrystallized media, the law according Law expressed 
to which a polarized beam will be reflected from the^^*^''™''^*' 
analyzer when the angle of incidence is equal to that 
of polarization. 

According to this law, if we conceive a wave of com- Th^^ ^^^ «pp^»ed 
mon light as it emanates from any self-luminous body, ngi^t; 
to be compounded of two waves polarized in planes at 
right angles to each other, that is, suj^posing the orbital 
motion of the molecules to arise, as they will, from two 
component rectilinear motions at right angles to each 
other, Equation (107), we should have for the intensity 
of reflexion from a reflector, 

I'\- I' = A . COS^ a + J. . COS^ (90° a ) = -4, Consequence; 

in which /and/', denote the intensity of reflexion of 
the two component polarized waves ; whence, the inten- 
sity of the reflected wave will be the same on whatever conclusion; 
side of the incident beam the analyzer be presented. 

§135. "What has been said of the effects of glass polarizing angle 
on light is equally true of other transparent homogene- ^^'^^^^ ^^'^^^ t^^® 
ous media, except that the polarizing angle, which is con- 
stant for the same substance, differs for different bodies. 

It is found, from very numerous observations, that the 
tangent of the maximum polarizing angle is always equal 
to tlie refractive i?idcx of the reflecting medium taken, in 
reference to that in which the wave is reflected j thus, 
calling the relative index 7??, and the polarizing angle 9, 
we shall have, 

tan 9 = m (110) sa„,e inform of 

an equation; 

Example, Let it be required to find the polarizing an- 
gle when light is moving in water and reflected from 
glass. The refractiv^e indices for water and glass are Example; 
1,336 and 1,525, respectively, hence, 
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1 "I'^o 

w = -JUL. = 1 1415 = tan p. 



r = -tS» 47'. 
.:" :.'; r. fn^'wTe iadicos of the media were equal, we 

»» = 1 






;: = 45^ 

7; . ■" i" v-.r;;: src :he valnes of c, for the different sub- 
.:i*' ,\> :j-r.jiC« i:.c- xtsto lvir.i: reflected in air. 

■ ■..... t»i> i 1 






^ mm -^ M ^ t 

J .->>. - - - - 1 ~ -iO 



OS' 0' 






> ■". ;.: .:.■:•:■'!:■ ^ :;• :he law expressed 
-'■- -.-■- * L :.;• s::/n tliinir as per- 

:■./,-. :. .:. —".iro !!:^:.r, since tlie re- 
■ : :. > >,.:... :" r :'..:• uitiVreiu c.-lors; 
.- ■ :,■.:'.•:: :,".' :;l'S:-!:oe of liirlit at 

• .> :" *-\*v -J-- r;::r:io::ve powers, 
:. ■- :■ :'- : :\'.;r!_-.':-^ :i::^Ie for white 

ir ,^':v^^uc U*.:^.<lv oxr-er::::onr, the 
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relation expressed by Equation (110), furnishes the means Method of 
of ascertaining their refractive indices. Thus, the niaxi- refractive indices 
mum polarizing angle for steel is a little over Yl°, the <^^ ^^P^'^e bodies, 
natural tangent of which is 2,85, which is, therefore, ac- 
cording to the law, its refractive index ; the polarizing 
angle for mercury is about T6° 30', and its refractive 
index, consequently, 4,16. 



§ 137. We have spoken, thus 
far, only of the action at the Jirst 
surface of the glass plate ; it is 
found that the light reflected at 
the seca?id surface is as j^erfectly 
polarized as that reflected at the 
first, and in the same plane, when 
the faces of the plate are parallel. 
This is a consequence of the same 
law for. 



Fig. 97. 




Light reflected 
at the second 
snrfuce also 
polarized ; 



m 



= tan ? = illL? = jIlLi 



cos (p sin 9 



Equation; 



hence, 



cos (p = sm 9 



Belation ; 



or (p' is the complement of 9, and the first reflected beam 
is perpendicidar to the first refracted. 
Moreover, 



7n tan 9 



= cot 9 = tan 9' 



but — is the index of the wave passing out of the glass ; 
hence 9' is the maximum polarizing angle for the second 

„ ^ Tolarfzing angle 

surface. ' ^ for second 

If a series of parallel plates be employed in the form surface found; 
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Effect of a piio of of a pile, tlie liglit reflected from tlie second surfaces 

viatcs. coming off polarized in tlie same i>lane, a polarized beam 

of great intensity may be obtained. This intensity can, 

however, never exceed half that of the incident beam, 

no matter how great the number of plates employed. 

Eflfcctof §138. Althouo-h a wave of homooreneous li'xbt is but 

repeating the ellipticallv poUirizcd whcu reflected oucc at au ano-le dif- 

rcnexiuns at ■*■ *' -•■ *-' 

angles aitrurcnt fcriug froui that of polarization, yet by repeating the re- 
fromthatof floxious a sufBcicnt numbcr of timcs, the ellipse maybe 

polarization. ^ ^ ^ ' x •/ 

reduced to a right line, in which case the light will be 
plane polarized; and in doing this, it is not necessary 
that the reflexions take place at the same angle of inci- 
dence, but some may be above and some below the po- 
larizing angle. In general, the number of reflexions will 
increase as the angle of incidence recedes from that of 
polarization on either side. 

The same remarks will fipply to light polarized by re- 
fi'action. 



POLARIZATION BY ABSORPTION. 



Fig. 98. 



„ , . „ . § 139. A plate of Tourmaline, about ^V of an inch 

Polarization by *^ ■'• ? j o 

absorption; thick, cut parallel to the axis, possesses the property of in- 
tercepting that component of white light whose vibrations 
take place in a plane parallel to the axis, and of transmit- 
ting the other. Tliis latter will, of course, be polarized in a 
plane at right angles to the axis 
of the crystal. If, therefore, light 
previously plane i)olarized, be in- 

Experi.„ent^vithCident UpOU the pktc with itS 

a plate of plauc of i)olarization perpendicu- 

lar to the axis, it will be wholly 
transmitted ; but if parallel, it 
will be wholly absorbed or inter- 
cepted. This is another property 



tourmaline ; 



amM 
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by which plane polarized light may bo distinguished, a characteristic 
Hence, two plates of tourmaline form a most convenient poiari^c^d ught ; 
apparatus for experimenting with polarized light when so 
arranged as to be capable of turning about a common 
axis, the one being used to polarize light, the other to 
analyze it. Plates of agate and some varieties of quartz ^pp-"^^^*"®®^ 

" ^ ^ . tourmaline 

possess similar properties. piates. 



DOUBLE REFRACTION. 



§ 140. In treating of the transmission of light through Bodies in which 
different media, we have reo-arded the ether of the latter """"""* ^*^®* 

' . o will always be 

as possessing the same density and the same elasticity in all spherical: 
directions; in which case the luminous waves proceeding 
from any point, will always be spherical. But there is a 
large class of bodies in which neither of the above condi- 
tions exists. This class embraces all crystallized media ex- 
cept those whose primitive form is the cuhe^ the octohedron^ 
and the Tliomhoidal dodecahedron / also all animal sub- Those in which 

J. T_ i.' 1 xi • 1. 1 i. this will not be 

stances among whose particles there is a tendency to i*^g- the case- 
ular arrangement; and, in general, all solids in a state 
of unequal compression or dilatation. 

The elastic force of the ether within such bodies differs ^^'cniiarities of 
in different directions ; and whether we suppose the vi- 
brating medium is the ether alone, or that the molecules 
of the body itself also partake of the vibrating move- 
ment, there will obviously be such a connection between 
the parts of the solid and those of the medium, that the 
velocity of wave propagation will, Equation (17), Acous- 
tics, be different in different directions. 

"When a disturbance is produced in a medium of the resultant 
kind above referred to, and any one of the molecules dis- '*^*^*'*'" "^V^ 

* *> generally m th« 

placed from its position of rest, the resultant of all the elas- direction of the 
tic forces which resist the disf)lacement, will not, in gene-*^^^'^''^''^"^®' 
ral, act in the direction of the displacement, as in the 
cuise of homogeneous bodies, and will not, therefore, drive 
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wave. The phenomenon presented by any medium of double refraction 
thus dividhig a wave of light which enters it, is called 
double refraction. The shape of' the component waves 
will be determined by the elasticities which their particu- 
lar vibrations call into action. The direction of the mole- 
cular motions in one set may be such as to develop, in 
some crystals, the action of an equal elasticity throughout 
their entire substance, while the motions in the other set 
may have such direction as to give rise to the exertion of 
an elasticity varyino^ with a chan(]je of route through the ^, , . 

J J ^ o O Shape of the 

crystal. In the first case, the component wave will, as we component 
have seen, be spherical ; in the second, it mav have anv ^"^^^^ <M>cn<ient 

, ' " *' upon: 

shape whatever depending upon the law which regulates 
the density and elasticity. 

One of the most remarkable bodies in this respect is 
Iceland Spar^ which is a carbonate of lime, and is found jceiandspar- 
in crystals of various shapes, all of which may be re- 
duced by cleavage to a regular obtuse 7'homboid^ this be- 
ing its primitive form, or the form of its ultimate parti- 
cles. This rhomboid has six acute and two obtuse an- 
gles, and the diagonal A B^ Fig. (00), 
joining the latter, which is the shortest 
that can be drawn in the figure, is 
.called the axis of double refraction^ or 
optical axis of the crystal; it is so 
called, because when the wave, on en- 
tering the crystal, is propagated along 
this line, no double refraction is ob- 
served; the component waves in this case moving with i^ peculiar 
different velocities along the same route and preserving p'"®^®'*'^^ 
their fronts j^arallel to each other. But this rhomb may 
be divided into an indefinite number of similar elemen- 
tary rhombs each having an axis j^arallel to A£^ it 
would, thence, follow that whenever a plane wave 
takes a direction parallel to AB^ there should be no By optical aria 
double refraction ; and this is confirmed by observation. !f,°^®*"** 

' "^ direction. 

By an axis of double refraction, we are to understand, 



Fig. 99. 




Optical a:ds; 



22 
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section ; 



Ordinary and therefore, lucrelj a direction^ determined in the present 
extraordinary ^^^ ^^^ ioininff the obtuse solid an<yles of the rhomb. 

waves. 1/ J o o 

Whenever the refracted wave takes a direction diffe- 
rent from the axis,-^its components will not only take dif- 
ferent velocities, but their wave fronts will become in- 
clined to each other, one being refracted according to the 
ordinary law of tlie sines, the other according to some 
extraordinary law yet to be explained ; the first is called 
the ordinary wave, the other, the extraordinary wave. 

Piano of principal Any plane drawn through the cr3'stal, parallel to the 
axis, is called a plane of principal section, and the pe- 
culiar property of such a plane is, that whenever it con- 
tains the ordinary ray, it will also contain the extraor- 
dinary ray ; in other words, if a principal section, drawn 
through the point of incidence, coincide with the plane 
of incidence, it will contain both rays. Whenever these 
planes are inclined to each other, the extraordinary ray 
will not be in the same plane with the incident and or- 
dinary rays, except in the case where the incident plane 
is perpendicular to the axis, and consequently at right 
angles to every principal section possessed by the crys- 
tal, when the incident, ordinary and extraordinary rays 

the same plane- ^vill again bc fouud in the same plane. 



When ihe 

incident 
onliimry ni.d 
cxtrruirdlnary 
r :Yj< will be in 



Uniaxal and 
biaxal crystals. 



§ ltl:2. Doubl}^ refracting crystals that possess but one 
axis of double refraction, are, called uniaxal ; very many 
crystals are, however, found to possess two such axes, 
and ai*e called hiaxal ; but in the latter class it has 
been ascertained that there is, in fact, no ordinary wave. 



Double 
refraction in a 
particular 
instance 
considtTc-d : 



§143. To show how double refraction takes place in 
a particular instance, take, for example, the simple case 
of a beam of light proceeding from an indefinitely dis- 
tant point, and falling perpendicidarly on the surface of 
an uniaxal crystal, cut parallel to the axis. The inci- 
dent wave being plane, and parallel to the surface of 
the crystal, the vibrations are also parallel to the same 
surface, and will be resolved into two component vibra- 
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tions, the orQ) parallel and the other perpendicular to the Two plane 

axis of the crystal. Now, the elasticity brought into play ^^!Jt*^jn^tijQ^*^^* 

by these two sets of vibrations being different, they will crystal ; 

be propagated with different velocities; and there will 

be two waves within the crystal polarized in planes at 

right angles to each other. If the second face of the if the second 

crystal be parallel to the first, the two waves will emeroje^"''^*^^®^® 

•^ -^ ' ^ ^ parallel to the 

parallel, resuming the velocity which they had before in- first, no double 

cidence ; they will, therefore, be unequally accelerated, '*f|^*<5^»*'" 

but will retain their parallelism after emergence, the only 

effect being to cause one to lag behind the other. But 

when the second face of the crystal is oblique to the 

first, it will also be oblique to the wave fronts, and 

this obliquity will make their unequal chano^e of velo- •®^^<^°" 

1 »/ . a C5 surface be 

city apparent by causing the waves to take different obiiquo to the 
directions ; there will, in this case, be double refractioii at ^^^ ^!*"^'® 

' ' ' refraction w 



ill 



emergence. appear. 



8 14:4:, One of the component waves in Iceland spar ^^''"^ "^ ^'"® 

^ ... . component 

is propagated equally in all directions, and is, there- waves in Iceland 
fore, spherical in form when proceeding from a point ®^^- 
in the crystal ; the other is propagated unequally in 
different directions, the form of the wave being that of 
an oblate spheroid of revolution, whose shorter axis co- 
incides with the optical axis of the crystal ; resembling 
the case taken for illustration in § 42 of Acoustics. 

Now, the radius ot* the ellipsoidal wave is always delation between 
greater than that of the spherical wave, except when J^ij^,|),Vy )|„^/^ 
the refracted ray coincides with the axis; and these radii extraordinary 
being described in the same time, may be taken as the 
measures of the velocities of w^ave propagatioh in the 
extraordinary and ordinary' waves. The refractive in- 
dex being equal to the ratio of 
the velocity before incidence, to ^^s- 100. 

that within the crystal, the extra- 
ordinary index will be variable, 
and less than the ordinary index. ^^ ,^^^^ 

^ •^ ^ ^-cri a^^ I ^..^ ^>^-^ Extraordinary 

But the index of refraction being X index variable; 



waves; 




MjO 5^7:Lil VL l-f CJXT. 



iMilf* Hill IH • - - 

Km.i. ii^.iiii j' lift. With rc^i cry*si4iL vLl'/i :«i-7irrY Ji tl^r irrrz-OC 

ri..|u«it..4ih» lifiil axis of tlnf \trmsi, aiid l^rhij: -i:^-^: 
ill Ic'ii^lli to t|jc; raiVwia of tLe qirrrraL 
NNavfi llii< c'xtraordinarv ravis slTTiT* 
ruiiinl lu'lwi'fn l|j(; onliuarv ravan-itLr 
iixIn, um if drawn t(/wards tLe laner; 
Mini fli(« cxlniordinarv index is a 



'*^'"- "•"""" ill Ic'iiL^lh to tijc; radiiii^of tLe^Ti^rra: ^ 

t>l li • U«i«l 4«|«<it 



.1 I 



vhu'itfnnn wlujri the extraordinary tslj £s ]:*rr'en»iicii- 

liir f<» lh<» n\i^. These circumstances Lave pveii rise ro 
.'» Jin i .inn nf dniiMy rcfj'actin^ siib-taLces ::.:•:• fs-o v^asscj 
I*. ,..^ .,.»»., ill iiii-'iii JkmI l>y fjjcir axes, wljich are sai-^ tj 'yy<i pWi- 
;",.". w h« M lln' exh-aordinaiy ray is between the ordina- 
\\ \\\\ Olid Ihf axis, as in the case of nx-k crystal ; and 
'...\\tli\\ \\\\v\\ lh(^ j)ositi()ns of these rays are reversed 
\\\\\\ rv^'.|HH't to (he axis, as in Iceland spar. 



«; I !(' Ila\ iiijv asctM-taincd by experiment the value of 
\\w ^^\^\\\\A\\ iihh>\, which will be represented by 7;^ 
A\\C\ \\w \\\x\\\\\\\\\\\ or nuninunn value of the extraor- 
^^!^ll^ lUxlvA, {U'coi-diiii;* as the crystal has a positive or 
nN>v«..uuv^ a\i's \\\\w\\ will bo represented by m^ ; then, de- 
»u'; '.».; 5lu^vp,U'e vlescribed by the wave before incidence, 
n I'lo ^'.iMu^ K\\\w thai the radius vector of the extraor- 
vii '.r\ \\.i\v^ i-i vuNv-ribod, bv unitv, will the extraordi- 
M.'i\ rulvA bv^!\\v\*ii /'v'^, and tn^^ be found by the fol- 






'.\'V\ »!!«' I.IW 



I s^ WW v^lU|'.-»vUvl \>i revolution, Fig. (102), be conceived, 
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having its centre (7, at the point, ^^^^^ E"ie; 

of incidence, its axis of revohition 
coincident with the optical axis 
CX, of the crystal, and its polar 
to its equatorial radius in the in- 
verse ratio of the ordinary, to the 
minimum or maximum value of 

the extraordinary index of refraction, according as the 
crystal belongs to the negative or positive class. Then, 
in all positions of the extraordinary ray, its index is 
equal to the reciprocal of its lenorth contained between ^*^°® ®^ 

•*• ^ '^ extraordinary 

the centre and surface of the ellipsoid. index. 

The equation of a section of this surface through the 
axis, referred to the centre, is 

and calling r, the length of the extraordinary ray be- 
tween the centre and the surface, and 4, its angles of 
inclination with the optical axis, it reduces to 



Equation of a 
section of the 
surface ; 



AB 



AB 



r = 



'^A'^sinH + B'cos'i "^ B' + {A^-B')m^^ ; 



Value of radius 
vector; 



denoting by m^, the value of the extraordinary index 
sought, we have 



m. 



1 /T 7~T J \ Value of 

— -^ _.+ (__-—) sinM . . (112) extraordln^y 
^ \x> --aL. / index; 



in which 



A = 



m. 



5 = 



m. 



Notatton; 



t. 
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Nature of crysta. It is obvious that the Coefficient of sin^ ^, is positive or 

determined. . . i . . •• . . ... , . 

negative according as the axis is positive or negative; 
hence, tjie coefficient of sin^ 4, determines the nature of 
the crystal. 



To find 

cxporiinentally 
the maximum 
and minimum 
valjU'S of the 
extraordinary 
index. 



§ 147. To determine the vahie of m^ and m^, in any- 
particular instance, it is in the first place known that 
the index of the extraordinary ray will be constant and 
equal to its maximum or minimum value, according to 
the nature of the body, when refracted in a plane at 
right angles to the optical axis ; it is only necessary, 
therefore, to cbnvert the crystal, by grinding, into a 
prism whose refracting faces shall be parallel to the 
axis, when both the ordinary and extraordinary index 
may be ascertained by the method explained in § (25). 
To distinguish between the rays, it will, in general, be 
sufficient to move the prism so as to give the plane of 
incidence a slight inclination to its length, as in that case 
the extraordinary ray \yill be thrown out of this plane, 
and thus become known. 

In Iceland spar. 



Tlioso values for 
Iceland sivar ; 



w„ = 1,6543, 
m, = 1,4833 ; 



hence, 



Itii nntur* 
dcdu\'e\l fW»!« 



A = 0,60449, 
JB = 0,67417 ; 



the ellipsoid is, therefore, oblate ; and the coefficient of 
8iu=* t\ negative. Tounnaline, beryl, emerald, apatite, &c., 
also belong to this class. Quartz, ice, zercon, oxide of 
tin, iV:e., give the coefficient of sin^ 4 positive ; they are, 
oduM ■M\u,t*»c»>«<'»^'»*^'*'^^^*^N ^^** ^1^^ positive class, and the ellipsoid is pro- 
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Fig. 103. 




§ 148. If a plaire wave 
W W\ of common light be 
incident on the upper sur- 
face of a crystal of Iceland 
spar to which it is parallel, 
this wave will be resolved 
into two components, one of 
which will take the direction 
of and be normal to an ob- 
lique line Pe^ and will be 
refracted according to the 
extraordinary law ; the other 
will preserve its original 

course and pass through without deviation. Tliese waves 
will both leave the crystal normal to that plane of prin- 
cipal section which is perpendicular to its upper face, 
the waves themselves becoming parallel; each will be 
plane polarized, the plane of polarization of the ordinary 
wave coinciding with the plane of principal section just 
named, and that of the extraordinary wave being at 
right angles to it. 

If these component waves be received upon the upper 
surface of a second crystal of the same kind, and whose 
optical axis is parallel to that of the first, they will take 
the directions e' e" and o* o'\ parallel, respectively, to the 
directions P e^ and P o^ and will not be again divided, 
the • first undergoing extraordinary, and the latter ordi- 
nary refraction ; and if the crystals be of equal thick- 
ness, the distance e" o'\ will be double 'e o. If either or 
both of the component waves whose directions are e e\ 
and o\ had been polarized by reflexion, refraction or 
absorption, the action of the second prism would have 
been the same ; this is, therefore, another characteristic 
property of plane polarized light, viz. : that it will not un- 
dergo double refraction when its plane of polarization is 
m&iQv parallel ov pei'pendicular to thei)lane of principal sec- 
tion ; being in the former case wholly refracted according to 
the ordinary^ and the latter according to the extraordi- 



Plane wave of 
common light 
incident upon a 
crystal of Iceland 
spar ; 



Effect of tliis 
crystal. 



Emergent waves 
received upon a 
second crystal of 
Iceland spar ; 



Another 
characteristic of 
plane polarized 
light 
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xat . Lki J z:i: s : ?HT. 



lU'vrr^iitrwfiM' nary law. Ti.-: z-r 
p,»iuv# rryrtiiu eryrital, like quarj:. 



r-'r: -s- -J : li-- ':,f>^- the case if tl 



55140. When t:- rrr^:^ 

J/' N\ is tiinie«l aryjL I :-2. 

its hasi^ so that th-j p*s- 

Tw»w«»»mi j.jp.ji sections of the crr?- 

cr«»i«t Mip|>4tMsl 11.1 1 " 

hMurn«mit» *"'S winch are normal M* 
tlu» upper Burfaces, make 
nn an*i:Ie with each other, 
oacli of the comjxjnent 
waves of Avhich the direc- 
tions are oo' and ee\ will 
Iv air:\in divided into an 
\^:>iinarv and extraordi- 

« 

narv wave, whoso relative 
:r.tonsilies will depend up- 
on t!u^ inolination of the 

. .. .r.w| s^vtions to each 

,• *\ ". r^ avoid coinplica- 

• '. !v : us snpp(>s(> tlie 

\ '\v' •'. *\ itiiT ah^riir P (\ to 

v^tovl l\v sticking a 

,\v /■* \x,;:Vr to tlio lower 

rvstal 



. s .« 



• ^ ♦• •*<* t» 



:.:o mronsi- 



>. - : .::> into 






:. v:!ii]f 
...I l>v 



ox- 






f 




Fig. IW. 




Fig. 105. 
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a, tlie angle made by the principal sections of the crys- Notation; 
tals; 0„^ the intensity of the ordinarily refracted wave; 
and (9g, that of the wave refracted according to the ex- 
traordinary law. 

Removing the wafer from e^ and calling E^, and E^ 
the intensities of the extraordinary and ordinary waves 
into which the wave moving on ^^^is separated by the 
second crystal, and B its . intensity on leaving the first 
crystal, we shall, in like manner, have 



E^^ B . cos3 a ) n . , 

^ \ f i-i-i A\ Components of 

?■ \-*--*-^/ the extraordinary 

E^ — B , Sin^ a ) wave; 



Taking the smn of the four emergent waves, there wijl 
result, 

0,-\- 0,-\' E,-\' E, = A + B. Snmof thefour 

emergent waves. 

The waves 0^ and 0^^ in Equations (113), are always 
found to be polarized, the former in the plane of princi- 
pal section of the second crystal, the latter in a plane at 
right angles, to it; and the same remark being applica- 
ble to Eo and ^, in Equations (114), it follows that the 
planes of polarization of 0^ and ^^ will be parallel to j°^|g°°f^'*^* 
each other, as also those of 0^ and E^. poiarizauon. 



CIRCULAR POLARIZATION. 



§ 150. We have seen, § 132, in what circular polari- 
zation consists. The best method of producing this, is by 
means of what is called FresneVs rhomh^ which consists ^'"'''^*' 
of a parallelopipedon of St. Gobain's glass cut so that prolmir 
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Frcsncl'sjhomb; the ailjrloS Jil and 

M' shall each be 
equal to 54^^. When 
a i>lane jxilarized 
wave is incident 
upon the face M X^ 



Fig. 106. 




IJght circalarlj 
|»olarizeJ. 

Effect of 
transmitting tbe 
emergent wave 
thrvuidi a s<^cosd 
rhomb. 



Circularly 
|H»lrtri/«.Hl li^ht 
tUstinjruishod 
ftn>m oonunon, 
aiul l!Vvn» plane 
(HilarizeJ light 



parallel to its front^this wave will be totally reflected at 
R and Ti'\ and will emerge parallel to the face M' N'. 
If the i)lane of polarization be inclined at an angle of 45° 
to the plane of reflexion, the component waves will have 
the same intensity, their difference of phase after two re- 
flexions will be found equal to one-fourth of a wave 
length, and the emergent light will, therefore, Equations 
(107) and (10S\ be circularhj polarized. 

If the emerirent wave bo now made to undergo two 
more total reflexions, in the same plane and at the same 
anirlo, bv transmitting it through a sucond rhomb, placed 
paralk4 to the first, it will emerge p^ane jyolariztd / and 
its plane of jiolarization will be inclined 45^ on the other 
side of the plane of reflexion. 

This property enables us to distinguish at once a cir- 
cularly polarized wave from a wave of common light; 
tht former hecoraes plane polar izol htjhco total reflexions^ 
at an angle of 54^°. On the other hand, it is at once 
distinguished from plane polarized light, by the circum- 
stance that it is divided into two waves of equal inten- 
sity by a doubly refracting crystal, whatever be the posi- 
tion of the plane of princij>al section. 



Kffoot of metallic §151. We uiii^ht uaturallv conjecture that ihe effects 
piuuo iH)iari^t'.i pi^nluced by metals ujxvn the reflected light would be 
»»K>»t- analogous to the phenomena of total reflexion by glass 

and i)tlier transparent substances, — there being no tran- 
smitted wave in either case. It is accordiui^jlv found 
that when a plane ixJarized wave is incident x\\\on. a 
metallic reflector, the reflected light is iUipticaUj/ 
jH-LfriZnl ; the laws of the phenomena are, however, dif- 
ferent from those of total reflexion from transparent media. 
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§152. It has been observed, that when a polarized General fact; 
wave is passed through a doubly refracting crystal in 
the direction of its optical axis, it undergoes no change, 
the analyzer producing the same effect after as before 
transmission on being offered to the same side of the ray. 

To this, however, there are some remarkable excep- ^^^^ ^.^^ ^^ 
tions, one of the most conspicuous of which is exhibited this in the case of 
by rock crystal, or quartz. When the analyzer is in the^"*^^' 
position affording no reflexion, the interposition of a 
crystal of this substance will restore a portion of light, 
and to cause it to disappear, the analj^er must be turned 
through a certain angle about the ray, the magnitude 
of this angle depending upon the thickness of the inter- 
posed quartz. As the thickness of the mineral is in-pj^ne^f 
creased, the rotation of the analyzer must be continued, polarization 

twisted by 

The plane of polarization is thus twisted into a surface interposing a 
of double curvature resembling the turns of an auger, or cy^^^ai of quartz; 
the surface generated by the rotation of one right liile 
about another perpendicular to it, at the same time that 
it has a motion of translation along this second line. 

It has been found that for a given thickness, the arc Arc of rotation 

ty A 1* i. ^ ' aA 1 * 1. lA • different for 

01 rotation necessary to brmg the analyzer into the posi-^j.^^j.^j^j.^^j^yg. 
tion of evanescence is different for the differently colored 
waves^ this arc being given by the formula 

„ rC t ^ Formula for a 

^. a ' single substance; 

in which r represents the arc, h a constant, t the thick- 
ness, and X the wave length for the particular color. 

It has also been ascertained, that for some specimens Analyzer musv 
of quartz, it was necessary to turn the analyzer in one ^^^"^1"^^ ^" 
direction, while for others, in an opposite direction, and directions for 
that a singular connection exists between this pi^operty '^1^^^/^^°^^^"'^"'*' 
and the right or left handed direction in which certain 
small faces of the crystal lean around the summit of the 
variety called plagiedral quartz. 

Other bodies, besides quartz, possess the same property. 
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Other bodies but ill cliflFcrent degrees ; and if two of these bodies be 
possess iho ^'"e interposed, tlie arc of rotation is that due to the sum or 

property; . . 

diflerence of their thicknesses, according as they exert 
their eflfects in the same or opposite directions. Or more 
generally. 



Formula for a 
combination : 



Notation 
explained ; 



Applies also to 
liquids. 



in which 7? is the rotation due to the combination ; T 
its entire thickness ; r, /, &c., and ty t\ &c., the corres- 
ponding quantities answering to the several individuals 
of the combination ; the i)roducts entering the expression 
with the same or diflerent signs, according as the diffe- 
rent media tend to turn the plane of polarization in the 
same or different directions. This formula is found to 
hold good not only with solid crystals, but also with 
liquids possessing this property, when mixed together. 



CHROMATICS OF POLARIZED LIGHT. 



Introductory g 153. Having explained the general phenomena of 

polarization and double refraction, we pass to the consid- 
eration of the effects produced when polarized light is 
transmitted through crystalline substances. The phe- 
nomena displayed in such cases, are among the most 
splendid in optics ; and when we consider that through 
these phenomena we are enabled almost to view the .in- 
terior structure and molecular arrangement of natural bo- 
dies, the importance of the subject will be apparent. 

First discoveries. The fii'st discovcrics in this department of science were 
made by Arago, in the year 1811, and the subject has 
since been successfully prosecuted by some of the fiwi 
philosophers of Europe. 

§ 154. We have seen that when a wave of light, po- 
larized by reflexion, is incident upon the analyzer under t 
the polarizing angle, no reflexion will take place when 
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the plane of incidence on tlie analyzer is perpendicular Effect of 
to that on the polarizer. Now, if between the two re- ^'•^"^^"itting 

^ ^ polarized light 

flectors we interpose a plate of any double-refracting sub- through a 
stance, the power of reflexion at the analyzer is suddenly tionbic-rcfracting 
restored, and a portion of the light is reflected, the quantity 
depending on the position of the interposed crystal ; and 
by this property the double-refracting structure has been 
detected in a vast variety of substances, in which the sep- 
aration of the two waves was too small to be directly per- 
ceived. 

§ 155. In order to analyze this phenomenon, let the crys- These effects 
talline plate be placed so as to receive the polarized wave *^""'>^^<^ ^y 

, , , . , , turning the 

parallel to its surface', and let it be turned round in its crystal in its own 
own plane. We shall then observe that there are two^^^"®' 
positions of the plate in which the light totjJJW disap- 
pears, and the reflected wave vanishes, jr t-S»s if no 
crystal had been interposed. These two j^ositions are 
at right angles to one another ; and they are those in 
which the vrbicipal section of the crystal coincides with ^ ,. , , 

J^ J- ^ ^ *J ^ Wlicnno light is 

the plane of first reflexion^ or is perpendicular to ?Y. reflected from the 
When the plate is turned round, from either of these *"'''^'^''*^''* 
positions, UiQ light gradually increases, until the pnnci- j^j„J„"„^ i^ ,, 
pal section is inclined at an angle of 45° to the plane maximum. 
of first reflexion, when it becomes a unaximum. 

§ 156. In these experiments the reflected light is white, colors produced 
But if the interposed crystalline plate be very thin, the ^•^^^'';^*^''" 
most gorgeous colors appear, which vary with every 
change of inclination of the plate to the i)olarized wave. 
Mica and sulphate of lime are very appropriate for the 
exhibition of these beautiful phenomena, because they suipi,j^teofiimo; 
can be readily divided by cleavage into laminae of almost 
any required thinness. If a thin plate of either of these 
substances be placed so as to receive the polarized wave 
parallel to its surface, and be then turned round in its Appearances 
own plane, the tint does not change, but varies only in"i"bitcd*b7 

usin" these 

intensity; the colov vanishing altogether when the j)rin-6ubslances; 
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when the crystal is removed. The thickness producing Eesuits of 
corresponding tints is, however, much greater in crystal- ®^p*^""^^°^' 
line plates exposed to polarized light, than in thin plates 
of air, or any other medium of homogeneous structure. 
The Hack of the first order appears in a plate of sul- 
phate of lime, when the thickness is the 2 oV o ^f ^^ \\i(^ ; 
between a oVo- ^^^^^ jV ^^ ^'^ inch, we have the whole 
succession of colors of Newton's scale; and when the 
thickness exceeds the latter limit, the transmitted light ^^ 

' P Effects of 

is always white. The tint produced by a plate of mica, different 
in polarized liffht, is the same as that reflected from a ^"^stances 

111 compared. 

plate of air of only the 4^^!^ P^i'^ of the thickness. 

The same subject has been investigated for obliqiie in- Qi^^qu^ 
cidences, and the laws which connect the tint developed incidences. 
with the number of wave lengths and parts of a length 
within the crystal, for a wave of given refrangibUity, 
have been determined, both for uniaxal and biaxal crys- 
tals. 



f 



" §159. Let us now apply the principles already estab- ^ppii^.j^jjon . 
lished, to explain the appearances. preceding 

It has been shown, that a wave of common light, on ^"°*^'^^*' 
entering a crystalline plate, is resolved into two waves, 
which traverse the crystal with different velocities, and in 
different directions. One of these waves, therefore, will 
lag behind' the other, and they will be in different j)hases 
of vibration at emergence. AVhen the plate is thin, this Preliminary 
retardation of one wave upon the other will amount only ^^^^^'^^' 
to a few wave lengths and parts of a length; and it 
would, therefore, appear that we have here all the condi- 
tions necessary for their interference^ and the consequent 
production of color. 

But here we are met by a difficulty. So far as this An apparent 
explanation goes, the phenomena of interference and of ^^^^"^*^ "*'^®* ' 
color should be produced by the crystalline plate alone, 
and in common light, without either polarizing or ana- 
lyzing plate. Such, however, is not the fact ; and the 
real difficulty in this case is, — not so much to explain 
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._: n.z:! ■: jr.tiaoed, as to show why they 

.J .■ . T- .ir.'-n t this difficulty, it maybe 

..-.: :^_ ~T T IT ::i. Tvh«>?e interference is sup- 

/ .:j.' "L.tr -^-'L-'r-L results, are not precisely 

: .. . 1 f Tii' srr Tli'i-se interference we have 

^iii.iij-.i "Jir-^ IT-.- i*A*iriztJ^ and in planes at 

-null rii :iv vVe are led, then, to inquire 

.^■L••' 2 iu7':i!z:;r T»--cuI:ar to the interference 

. r::v ::r t:i..::i lult influence these results: 

m 

-r-r- :• :^ -ll^^ ji.:!!^ will be found to remoT 



-Vl « 



. T..- -: ••: £ :*:'r r.-^c'-'.T'rt/jet' of polarized 

• :•.- ... I. V ::: ?•.-:■::•." .m- to this question, by 

. -. .:: . ..:_ . ^z : ::.f Iits cx?>LM-imentallv dcvelo. 

:.- :.: . -:.::: "v ^j.t^s vt liirht, polarized in the 

'.i . .'..'., :::v.iTVr- an«: pr'.'tluee fringes, under tlie same 

- :::.-."u::i:'rS -is- rr^.- 'ra.ves of con}nion li«xht : — that 

. '\;i.:.s :* -t.uirLziition of the two waves are 

-■ *;ii.-ii .'Ciicr, the interference is diminished, 

.:. . .- ::-.-::^v- iocroaso in intensity; and that, finally, 

•\..-, . ':., .i::i:i^- ber^vt-en those planes is a rifjld angU^ 

: .:C > v:;...jver are pR>duced, and tlie waves no lon- 

.- ...^'L.i-c ai all. Pueso facts maybe established by 

::i.^. _ -. -.A^c "f ruui'iualine which has been carefully 

■\ .k...'! Tv a uu:f»»rni thickness, cutting it m two, and 

• '.ac : \^ Lr».-iiaif in the path of each of the intc^rforing 

:mu-.,. :... ■»,!■.>. It will be thus found that the intensitv cd* the 

: Cts -Itptuds •->u the relative position of the axes of 

■.:iv :•. iii'iuaiiues. AYhen these axes are parallel, and con- 

^.;.;v:ii::v :ae two waves polarized in the same jJahC, 

::.s. iiit:ie> aiv best dolliicd ; they decrease- in irloiisity 

-%>.;. :i •.he axes <ii the toiu-nialines arc iryd'jid \v Ao 

„..•....*..*; and* diialiv, they vanish aUogcther v,-:ii:.n thwc 

,k.v.> >i**ii ^ ri*ttiu cnyie. 



rtris.. 



;^.;^. Xho uon-iuterfereace of waves, polarized in 
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Eesults of this 



planes at right angles to one another, is a necessary result Experiments 

ft .^ 1 • 1 ji y» j 7 •! i.» T confirm the 

01 the mechanical theory oi transversal vibrations. -Li^ jnechanicai 
fact, it is a mathematical consequence of that theory, that theory of 
the intensity of the resultant liorht in that case is constant '^"^^f"^ 

J n 7 vibrations. 

and equal to tlie. sum of the intensities of the two compo- 
nent waves, whatever be the phases of vibration in which 
they meet. 

But although the intensity of the light does not vary 
with the phase of the component vibrations, the character 
of the resulting vibration will. It appears from Equation 
(107), that two rectilinear and rectangular vibrations com- 
pose a single vibration, which will be also rectilinear 
when the phases of the component vibrations difter by an 
exact number of semi-wave lengths; that, in all other 
cases, the resulting vibration will be elliptic; and that 
the ellipse will become a circle^ when the component 
vibrations have equal am])litudcs, and the diflereuce of , , , , 

■•■ ■*■ ^ ' tlieory and their 

their phases is an odd multiple of a quarter of a wave experimental 
length. These results. have been completely confirmed by <^o°fi"°a^^o°' 
experiment. 

In the above mentioned law we find the explanation of Apparent 
the fact, that no phenomena of interference or color are^gm^^g^^ 
produced, under ordinary circumstances, by the two 
waves which emerge from a crystalline i)late, — for these 
waves are polarized in planes at right angles to one an- 
other ; and we see that, to produce the phenomena of 
color in perfection, the planes of polarization of the two 
waves must be brought to coincide by the analyzer. 

§162. Fkesnel and Arago discovered, further, that ^'•^ ^®<^°<^^^ 
two waves polarized in planes at right angles to each 
other, will not interfere, even when their i)lanes of po- 
larization are made to coincide, unless they belong to a 
waVe, the whole of which was originally polarized in one 
plane ; and that, in the interference of waves which had 
undergone double refraction, half a wave length must be 
supposed to be lost or gained^ in passing from the ordi- 
nary to the extraordinary system, — just as in the transi- 

23 
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Another 
confirmation of 
the theory of 
transYersal 
Tibrations ; 



Experiment 
detailed; 



Complementary 
colors. 



tion from the reflected to the transmitted system, in the 
colors Ibnned by thin plates. 

The principle of the allowance of half a wave length 
is a beautiful and simple consequence of the theory of 
transvei*sal vibrations. In fact, the vibration of the wave 
incident on the crvstal is resolved into two within it, at 
riglit angles to one another, — one in the plane of prin- 
cipal section, and the other in a plane perpendicular to 
it. Each of these must be again resolved, in two fixed 
directions which are also perpendicular ; and it will easily 
appear from the process of resolution, that, of the four 
components into which the original vibration is thus re- 
solved, the pair in one of the final directions must ccm- 
spire^ while in the otlier, at right angles to it, they are 
opposed. Accordingly, if the vibrations of the one pair 
be regarded as coincident, those of the other must differ 
hy half a wave length. Hence, when the plane of reflex- 
ion of the analyzer coincides successively with these two 
jx)sitions, the colore, which result from the interference 
of the portions in the plane of reflexion^ those in the per- 
pendicular plane being not reflected, will be cmnplemen- 
tari/. 



Ottttv of thd 
lH>)arizi<'r ; 



K\)^Untktton uf 



§ 163. Tlie former of the two laws explains the office 
of the polarizer in the phenomena. To account mechani- 
callv for the non-interference of the two waves, when 
the light incident upon the crystal is unpolarized, we 
nu\y, § 133, regard a wave of common light as composed 
of two waves of equal intensity, polarized in planes at 
riirht angles to one another, and whose vibrations are 
therefore perpendicular. Each of these vibrations, when 
ivsolved into two within the crystal, and these two 
aiTiiin resolved in the plane of reflexion of the ana- 
Ivzor, will exhibit the phenomena of interference. But 
the amount of retardation will differ by half a wave length 
in the two cases ; the tints produced will therefore be 
v\>mplouientary, and the light resulting from their union 
will bo white. 
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§ 164. The preceding laws of interference being kept Reason of the 
in mind, the reason of all the phenomena is apparent, phenomena; 
The wave is originally polarized in a single plane, by 
means of the polarizer ; it is then resolved into two waves 
within the crystal, which are polarized in planes at right 
angles to each other ; and these are finally reduced to 
the same plane by means of the analyzer. The two 
waves will, therefore, interfere, and the resulting tint will 
depend on the retardation of one of the waves behind 
the other, produced by the difference of the velocities uesuitant tint 
with which they traverse the crystal. dependent upon ; 

§ 165. It is plain, Equation (107), that the hght issu- Emergent light, 
ing from the crystal is, in general, ^Zfe^^^mZZyJp(?Z«W2^^, *"jP^"^^^^^^ 
inasmuch as it is the resultant of two waves, in which polarized ; 
the vibrations are at right angles, and differ in phase. 
Hence, when homogeneous light is used, and the emer- 
gent wave is analyzed with a double-refracting prism, 
the two waves into which it is divided vary in intensity 
as the prism is turned,' neither, in sieneral, ever vanish- 

•*■ ' 1 o f 'When the 

ing. When, however, the thickness of the crystal is such thickness gives 
that the difference of phase of the two waves is an exa^t ^^® difference of 
nwniber of semi-wave lengtJis^ they will constitute a plane number of 
polarized wave at emergence, — the plane of polarization semi-wavo 
either coinciding with the plane of primitive polarization, 
or making an equal angle with the principal section of the 
crystal on the other side, according as the difference of 
phase is an even or odd multiple of half a wave length. 
Accordingly, one of the waves into which the light is 
divided by the analyzing prism, will vanish in two posi- 
tions of its principal section ; and it is manifest that the 
successive thicknesses of the crystalline plate, at which 
this takes place, form a series in arithmetical progres- 
sion. On the other hand, when the difference of phase 
is a quarter of a wave lengthy or an odd multiple of that 
quantity, — and when, at the same time, the principal difference of 
section of the crystal is inclined at an an^-le of 45° to the ^^'*^ ^^ * 

- /,...,■.. quarter of a 

plane ot primitive polarization — the emergent light will be wavelength, 
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color only. 
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eirmdarly polarized. This is one of the simplest means 
of obtaining a circularly polarized wave ; but it has the 
disadvantage, that the required interval of phase can only 
be exact for waves of one particular length, and that, 
therefore, the circular polarization is perfect only for one 
particular color. 

§ 166. We have seen that the phenomena of color are 
only produced when the ciystalline plate is thin. In 
thick plates, where the difference of phase of the two 
waves contains a great many wave lengths, the tints of 
different orders come to be superposed (as in the case 
of Newton's rings, where the thickness of the plate of 
air is considerable), and the resulting light is white. 
The phenomena of color may still, however, be produ- 
ced in thick plates, by superposing two of them in such 
a manner, that the wave which has the greater velocity 
in the first shall have the less in the second. We have 
only to place the plates with their principal Gections^(;^ 
pendicular or parallel^ according as the crystals to which 
they belong are of the same^ or of opposite denomina- 
tions. Thus, if both the crystals be positive, or both 
negative, they are to be placed with their principal sec- 
tions perpendicular ; and on the other hand, these sec- 
tions should be parallel, when one of the crystals is po- 
sitive and the other negative. The reason of this is 
evident. 

w^n'l^p'^faro^ § ^^^' ^^^ ^^ ^^^ consider the effects produced when ^ 
wave traverses a a polarizcd wavc travcrscs a uniaxal crystal, in various 
uniaxai crystal; dij-ections inclined to the axis at small angles; and let 
US suppose, for more simplicity, that the crystalline plate 
is cut in a direction perpendicular to the axis. 

Let ABGD be the 
plate, and E the place of 
the eye. The visible por- 
tion of the emergent beam 
will form a cone, A EB^ 
whose vertex coincides 



Method 
explained. 



Fig. lOT. 
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with the place of tiie eje, and axis £"0, mtli the asis eiv wmcuiing 

of the crystal. Tlio ray which fravei-ses the crystal jn '""'•''' "i* 

the direction of the axis, P £", will undergo no change fiunge; 

Tvhiitever; and will consequently be reflected or not fixnn 

the analyzing plate, according as the plane of reflexion 

there coincides with, or is perpendicular to, the plane 

of fii-st reflexion, Bnt the other rays composing the cone 

will he modified in their passage throngh the crystal, 

and tlie changes which they will undergo will depend on 

tlieir inclination to the optical axis, and on the position 

of the principal section with respect to the plane of pri- other raj» wm 

mitive polarization. 

Let the circle represent the sec- 
tion oi lue emergent cone ot rays 
made by the surface A B of the 
crystal ; and let 2^2l' and 2i'' N', 
be two lines drawn throngh its 
centre a', right armlet; being the 
intersection of the same surface 
ty the plane of primitive polariza- 
tion, and ty ihe perpendicular 
plane, respectively. !Now, the vi- '~ 

brations which emerge at any 
point of these lines will not be resolved into two within 
cryctal, nor wil! '.heir phices of polarization, that is, ofwuinotba 
vibration, be altered; because the principal section of™*'"^' 
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vlH U twelced; 



tbe crrstal, fin- these ribrations, in the one case coincides 
vitli tbe plane of primitive polarization, and in tbe other ie 
perpendicnlar to it. l^ese wares, therefore, will be refleclr 
ed, or not, from the analyzer, according as the plane of 
reflexion there coincides with, or is perpendicnlar to, tlie 
plane of first reflexion. In the latter case, a Uaek crm 
will be displayed on tlie screen, and in tlie former a white 
one. 

But the case is different with the vibrations whicli 
emerge at any other point, eiich aa X.. The principal 
section of the crystal for these vibrations, neither coincideB 
with, nor is perpendicular to, the plane of primitive po- 
larization; and cons eqiient- 



Flg. lOT. 



ly the incident polarized 
wave will be resolved into 
two, within the crystal, 
whose planes of polariza- 
tion are respectively paral- 
lel and perpendicular to 
the principal section O L. 
Tbe vibrations in these two 

waves are reduced to the same plane by means of the 
■alba analyzer; they will, tlierefore, interfere, and the extent 
w, ind'of that interference will depend upon their difference of 
phaae. 
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Now, the difteronce of phase of the two \ra.vo9 varies Eitentof 
with the interval of retardation, "When thia interval is ''"'"''^"" 
an odd multiple of half a wave length, the two waves aii!rerep.M or 
will be in complete discordance ; and, on the other hand, ''''"*■ 
they will be iu complete accordance, and will unite their 
strength, when the retardation is an even multiple of the 
eame quantity. Tlie successive dark and bright lines 
will, therefore, be arranged in circles. 

§ 168. We have been speaking here of homogeneoiis Phfnomens 
light. "When white or compound light is used, the rings p™'"""' "'"' 
of different colors will be partially superposed, and the 
result will be a series of iiia-colored rings separated by 
dark intervals. All tlie phenomena, in fact, with the ex- 
ception of the cross, are similar to tliose of Ne.wton's 
rings; and we now see that they are both cases of the 
same fertile princi])le, — the principle of interference. 
These rings are exhibited even in thiek crystals, because 
the difference of the velocities of the two waves is very Analogous to 
small for rays slightly inclined to the optic axis. Newton's trnp 




§ 169. We will now consider briefly the case of hiaxal 
crystals. Let a plate of such a crystal be cut perpen- 



N v.* , : V. r ir.i.osuPiiY. 



^ :ho optic iLxe?, and let it 

■ :c:", :iio polarizer and ana- 

." : .iv.d dark bands will no 

. -> ::: :Iio toraior, but "svill 

.:■■.:.! v.i:li respect to the 

.. '.".'.•oorloii of the two 

. ".".: ". .:ro rh- 'se tbr wliicli 

. :-.- vr:Lvo<, is constunt. 

". > :l"o Z-.-riUiifcata oi 

« — • 



>»» 



I * • ^ 1 •■• 
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APPENDIX- 



No. 1 . 

Suppose a general wave front, sensibly plane, to have reached an open- 
ing A B, in a partition M N\ it is proposed 
to find the displacement which it will pro- ^^X 

duce in a molecule situated behind and 




\ 



anywhere, as at 0, on the arc of a semi- / \\ 

circle MO N^ of which the plane is normal / \\ 

to the partition, and the centre at the mid- ^^^^"q C- gssi^szz 

die point of the opening. 

Take any molecule as Q ; draw Q and C; make CO = r; Q = y; 
C Q z= z', C A = b ; the angle C Q = 6 -, and denote the whole dis- 
placement at by 2>, then 



y = y^^ — 2r cos 6z -{■ z^^ 
and by Maclaurin's formula, 

y = r — cos d ' z -f- -— — • z^ — &c. (a) 

2r 

The displacement at 0, produced by the wave from Q, will, Eq. (19), be 



smL2^— — J; 



and from the molecules in the distance dz, 



sm[2..— -^J; 



^H-d from those in the entire distance A B, 



To facilitate the iategration, suppose the greatest value of 2 to be very small 
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as compared to r, and also the greatest displacements at O, hy the par- 
tial waves from the molecules on A B^ to be equal to one another, then will, 
Equation (a), 

y = r — cos^Zy 

and writing r for y in the coefficient of the circular function. Equation (b) 
becomes, 

D =: - I sin -—(F/ — r H- cos ^2)^2 : 
and performing the integration without regard to limits, 

*N. OX ^ ^ f -w-r . • il\ 

2> = — ;«cos---(F^— r + cos^;?); 

2 AT r cos d X ^ 

and between the limits — h and + 6, 

D — -— . cos ^^(F^ — r — cos^i)--cos-— -(F^ — r + cos^5) r 

2 AT r cos d L X X ^ 'J 



or, 



a\ . 2rrbcos6 . T V t — rl 

D ==: • Sin • sin I 2 cr — / I • 

-TT r cos Q X L X J 

This represents a displacement whose maximum is 

a X . 2 cr 6 cos 5 , . 

D, — • sin J (c) 

' -r r cos ^ X ^ 

and wliich, therefore, determines the intensity of sound in air, or of light in 
ether. 

But this becomes zero for such values of ^, as make b • cos ^ -7- X, equal to 
either of the following numbers, viz: 

13 5 7, 

2' 2' 2' 2' ^'•' 

or which is the same thing, make icos^, equal to either of the quantities 

X 3X 5X 7X ^ 
2' V -2"' T' ^^'• 

S.. ilmt, when the radius r is very great, in comparison with b, there will 
be upon the semicircular arc alternate places of sound or silence, light or 



t-a^-^^., ...-■•-vi ■■ 



• '-f 
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darkness, symmetrically disposed upon either side of the point E, correspond- 
ing to which 6 is 90°. 

Sound decays rapidly as the distance it has travelled increases, and within 
the range of ordinary experience r cannot be very great. The relation 
assumed between r and b, to integrate Equation (b), can only be obtained, 
therefore, for audible sounds, by making b very small. And since X may 

be many feet, let us take the case in which the fraction - is so small as to 
justify the substitution of the arc 

2 flT 6 cos & 



in Equation (c), for its sine ; in which case the intensity will be deter- 
mined by 

_ a X 2if b cos & 2a b 

' ~ *Kr cos ^ X r ' 

in other words, the sound passing through a small opening will be diffused 
with equal intensity in every direction behind the partition. 

Light follows the same law of decay as sound, but the value of X for the 
waves of ether being extremely small, the greatest not exceeding the 
0,0000266 of an inch, the limitations supposed with regard to the fraction 

6 

-, in the case of sound, will not apply in that of light, and there must exist 

the alternations of light and shade above referred to. 

When d approaches nearly to 90°, cos 5 will be exceedingly small, and 
the arc 2 ir i cos ^ -7- X may again be substituted for its sine, in which case, 
Equation (c), 



which determines the intensity directly opposite the opening. The maxi- 
mum value for D^ in Equation (c), will arise when 



. 2 AT . 6 . cos 4 
sm = ±1, 



which gives, Equation (c). 



ie r cos 6 



and as the intensity of light varies as the square of the greatest displace- 
ment, § 53, we have 



IXXJ I 



- ^ "T '■ ^ 



^ r- i- 



-^ T^-^SM^f 



- F friss^ * 



^<J) 



p *, 



-«.ic- r . f r tier jji:ir^:*^ Tnrri if Ziii:. it 25 cir^c^s thit 



i-r^j"--! 



■::iL: it -- • ▼! larpt 



£ 1 



= !• — tw^ ( — ^ -r i I fl 5 = 0, 



C w 



£. r 



«!=«: 



w 



. IT r : :iL j: it: 



—i"- •«r,»--.nr- --V* 



em 



c • 



'•'■-^ -^ c -^ 



c z 



(b) 



£ ; 



= -1: 



*.: : -L 



v^-Li ^; Lilies 1 iJii »t»». jHTes 



^ = 1; 



••^ «, V'.'S' 



-m*:.! ^ -. r*f sLi-iCt.: :t nii.u: 



• . -' w 



1>J»: :^ th^ o.ev i:::n rtxxiiirs a Cjinimum when the angjles of incidence 
a: i V f e-r.er^cr.vV ar^ equal. 
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No. III. 
Differentiating Equation (104), we find 



f^„[.-..,.+.,i|]=«, 



and from Equation (105), 



COS(p 



d(p m, cos (jp 



ff 



which substituted above, gives, 



L ^wcos(p'J 



whence 



1 



cos© 



n -\- I m cos 9' 
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(a) 



which is the first equation of § 126. 

Differentiating Equation (a) again, we find 

d^6 r2(;i + 1) sin 9' .2 „ , 2 '1 

a (p2 L m^ cos^ 9' J 

and since 9 > 9', cos 9 < cos 9' , therefore the last factor must be positive ; 

whence ^ is a nidximum in the primary, and a minimum in the secondary 
bow. 
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